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Abstract

The systematics of several ticks species (Acari: Ixodidae) remains controversial. Many species, including those of the Amblyomma
cajennense complex and Rhipicephalus sanguineus s.l., are given special attention since they are cryptic species complexes and are
also important in human and veterinary medicine. The A. cajennense complex was recently reorganized into six valid species,
among which Amblyomma patinoi and Amblyomma mixtum have been confirmed in Colombia. On the other hand, the taxonomic
status of R. sanguineus s.1. is controversial since it is a cosmopolitan cryptic species complex with a high reproductive capacity and a
broad range of hosts (including man). To address this challenge, the germ cells of male ticks display a diverse morphology that offers
novel opportunities for taxonomy. This study describes the events of spermatogenesis in A. mixtum and R. sanguineus s.l. individ-
uals collected during active feeding on domestic hosts in the department of Caldas, Colombia. The individuals were identified using
dichotomous keys and through PCR amplification of a fragment of the mitochondrial 16S ribosomal DNA gene. The male
reproductive systems of A. mixtum and R. sanguineus s.l. were fixed in 2.5% glutaraldehyde for 48 h and dehydrated in increasing
dilutions of ethanol. The samples were then embedded and mounted in historesin to obtain sections of 3 pm that were stained with
hematoxylin-eosin (HE), photographed, and visualized through optical microscopy. The results show that the morphology of mature
germ cells displays excellent diagnostic traits that can be used for tick taxonomy.
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Introduction based on morphological, physiological, and ecological varia-
tion studies, as well as reviews based on molecular systemat-
ics and biogeographical patterns (Hoogstraal and
Aeschlimann 1982; Black et al. 1997; Barker and Murrell
2002; Burger et al. 2012; Dantas-Torres and Otranto 2013;
Nava et al. 2017; Zemtsova et al. 2016). Hard ticks (Acari:
Ixodidae) display cryptic species complexes; for example, the
Amblyomma cajennense sensu lato complex, which until re-
cently was considered a single tick species in the New World
and is distributed from the southern United States to northern
Argentina (Estrada-Pefia et al. 2014). Recent studies based on

The phylogenetic relationships among tick species (Acari:
Ixodidae) have been discussed for decades by several authors
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genetic, reproductive, and morphological data reorganized the
taxon into a complex of at least six valid species: Amblyomma
cajennense sensu stricto, Amblyomma mixtum, Amblyomma
sculptum, Amblyomma interandinum, Amblyomma tonelliae,
and Amblyomma patinoi (Beati et al. 2013; Nava et al. 2014).
A. cajennense s.s. is reported in the Amazon region of South
America, A. interandinum in the northern inter-Andean valley
of Peru, A. mixtum from Texas (USA) to western Ecuador,
A. patinoi in the Eastern Andes mountain range of
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Colombia, and A. fonelliae in the Chaco region that extends
from north-central Argentina to Bolivia and Paraguay. Finally,
A. sculptum is distributed from the humid areas of northern
Argentina to the adjacent regions of Bolivia and Paraguay, as
well as the coast and central-western states of Brazil (Nava
et al. 2014). In Colombia, there are reports of two species of
the complex, namely, A. patinoi and A. mixtum (Nava et al.
2014; Rivera-Paez et al. 2016). However, Estrada-Pefia et al.
(2014) showed that Colombia has a high number of envi-
ronmentally suited areas for A. cajennense s.s. and some
favorable areas for A. sculptum based on habitability
models in the Neotropics generated for four species of
the complex.

R. sanguineus s.1. is the most widely distributed tick spe-
cies in the world. It was considered a single taxon for more
than two centuries (Dantas-Torres 2010; Dantas-Torres et al.
2018). Currently, R. sanguineus s.1. is not a single species but
a complex with a difficult species differentiation due to a poor
original species description and the lack of a type specimen.
This leads to a misidentification of the collected individuals
worldwide (Dantas-Torres and Otranto 2015; Nava et al.
2015). In the last decades, several studies have focused on
the morphological, genetic, and biological differences among
the populations of R. sanguineus s.. to prove that, in some
areas, there are more than one species classified under this
name (Dantas-Torres and Otranto 2015; Nava et al. 2015).
For example, based on morphometric and ultrastructural anal-
yses, Coimbra-Dores et al. (2016) identified diagnostic traits
to distinguish between Rhipicephalus turanicus and
R. sanguineus. In Western Europe, these species share many
phenotypic traits, and they are genetically related and sympat-
ric; therefore, these can be mistakenly identified. Additionally,
Coimbra-Dores et al. (2018) reconstructed a multigene phy-
logeny of 24 species of Rhipicephalus from the Afrotropical
and Mediterranean regions, based on mitochondrial DNA
genes (COI, 1285, and 16S). This analysis allowed improving
species identification by elucidating cryptic species and dem-
onstrating the suitability of mtDNA markers; therefore, it con-
tributed to discriminative intraspecific and interspecific anal-
yses. Genetic and breeding experiments show the existence of
at least two distinct taxa, namely, the “temperate” and “tropi-
cal” lineages of R. sanguineus s.1. (Oliveira et al. 2005; Szabd
etal. 2005; Burlini et al. 2010; Moraes-Filho etal. 2011; Levin
et al. 2012; Nava et al. 2012; Dantas-Torres et al. 2013; Liu
et al. 2013; Hekimoglu et al. 2016; Sanches et al. 2016;
Zemtsova et al. 2016; Caetano et al. 2017). Furthermore, the
presence of different lineages in the R. sanguineus s.l. complex
has certain implications not only from a taxonomical perspec-
tive but also from a medical-veterinary view since only certain
populations of R. sanguineus s.l. are competent in pathogen
transmission (Moraes-Filho et al. 2015). In this context, spe-
cies such as A. mixtum, A. sculptum, and A. patinoi and some
populations of R. sanguineus s.l. deserve special attention
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since they are medically important as known vectors of
Rickettsia rickettsii, the causal agent of Rocky Mountain spot-
ted fever (RMSF) or Tobias fever in Colombia (Dantas-Torres
2007; Faccini-Martinez et al. 2015; Rivera-Paez et al. 2018a,
b). The transmission of R. rickettsii by R. sanguineus s.1. has
been reported in Arizona, Baja California (USA), Mexico,
Panama, Colombia, Brazil, and Argentina (Demma et al.
2005; Nicholson et al. 2006; Hidalgo et al. 2007; Silva et al.
2017; Eremeeva et al. 2011; Martinez-Caballero et al. 2018;
Foley et al. 2019).

Currently, new tools and integrative studies are sought to
address the taxonomical conflicts in ticks and discern some of
the taxonomical issues. In this regard, the morphology of ma-
ture male germ cells displays species-specific traits since each
animal species has spermatozoa with typical traits that can be
analyzed in taxonomic studies (Birkhead et al. 2009; Dallai
et al. 2016; de Oliveira et al. 2019). Several studies, mainly in
insects, have used the external and ultrastructure morphol-
ogies of spermatozoa to estimate evolutionary rates and assess
phylogenetic relationships (Dallai et al. 2016; Ravazi et al.
2016; Baffa et al. 2017; de Oliveira et al. 2019). In tick sys-
tematics, spermiotaxonomy has also proven promising for
separating Ixodidae species since the analysis of the ultrastruc-
ture of the male reproductive system and its germ cells can
help to better understand the phylogeny of these species
(Sampieri et al. 2016a, b; Rivera-Paez et al. 2017). This study
aimed to describe the spermatogenesis in A. mixtum and
R. sanguineus s.1. collected while actively feeding on domes-
tic hosts in the department of Caldas, Colombia and to com-
pare the events of spermatogenesis with other populations and
species. This research was conducted based on the public
health relevance of these species and the need to elucidate
their taxonomy, as well as the fact that some species of the
A. cajennense complex are in sympatry or parapatry in several
areas in the USA.

Materials and methods

In total, 267 adult ticks (Acari: Ixodidae) of the species
A. mixtum (74 males and 21 females) and R. sanguineus s.l.
(146 males and 26 females) were collected while actively
feeding on domestic hosts, including 7 cows (Bos taurus),
10 domestic dogs (Canis lupus familiaris), and 5 horses
(Equus caballus) in the municipalities of Neira, Manizales,
and Victoria (Caldas, Colombia).

Study area and morphological and molecular
identification

The ticks were collected while actively feeding on domestic
hosts, including cows (Bos taurus), domestic dogs (Canis lu-
pus familiaris), and horses (Equus caballus), in the
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municipalities of Neira (05° 09’ 59" N, 75° 31’ 08" W),
Manizales (05° 03’ 58 " N, 75° 29" 05” W), and Victoria
(05° 18" 59" N, 74° 54’ 45" W) in the department of Caldas,
Colombia between March and December of 2018. The ticks
were deposited in wet traps and taken alive to the Laboratory
of Genetics, Faculty of Exact and Natural Sciences
(Universidad de Caldas, Manizales, Colombia), where they
were taxonomically identified according to their external mor-
phology using a Zeiss DV4 stereomicroscope and the avail-
able literature (Jones et al. 1972; Estrada-Pefia et al. 2005;
Barros-Battesti et al. 2006; Martins et al. 2010; Nava et al.
2014). Also, two male and two female specimens from each
municipality (Manizales, Neira, and Victoria) were prepare for
scanning electron microscopy (SEM) (FEI-QUANTA 250
scanning electron microscope), according to the techniques
described by Corwin et al. (1979).

Five males and five females of each species (A. mixtum and
R. sanguineus s.1.) from each municipality were individually
processed for molecular analyses. The DNA extraction was
performed using the DNeasy Blood & Tissue Kit (Qiagen),
following the manufacturer’s instructions. A 460-bp fragment
was amplified from the mitochondrial 16S rDNA gene using
the primer pair 16SF 5’-CTGCTCAATGATTTTTTAAA
TTGCTGTGG-3" and 16SR 5’-CCGGTCTGAACTCA
GATCAAGT-3" (Norris et al. 1996). The PCR products were
visualized on 1% agarose gels stained with SYBR Safe DNA
gel and run in 1 x TBE pH 8.0 running buffer at 110 V/50 mA.
The gel was visualized on a GelDoc-1t®2310 Image (UVP)
photodocumenter. PCR products were purified with the
QIAquick PCR Purification Kit (Qiagen®) and sent to
Macrogen Advancing Through Genomics (South Korea) for
DNA sequencing. Sequences obtained were evaluated and
edited with the programs Geneious Trial v8.14 (Drummond
et al. 2009). The 16S rDNA gene sequences were analyzed
using Basic Local Alignment Search Tool (BLAST) (Altschul
et al. 1990) to determine the closest similarities with other
species of the A. cajennense s.I. complex and R. sanguineus
s.L.

Histological analysis

We dissected 10 male individuals of A. mixtum and
R. sanguineus s.1. each and fixed the reproductive systems in
2.5% glutaraldehyde for 48 h. The tissue samples were then
dehydrated in increasing concentrations of ethanol (30, 50, 70,
80, 90, and 95%) for 30 min at each concentration. The sam-
ples were included in Leica historesin (inclusion) for 2 weeks
(with a refill every 3 days) and polymerized in the same
historesin to obtain 3 um sections using a LEICA RM2235
microtome. The sections were placed on glass slides, stained
with hematoxylin-eosin (HE), and photodocumented on a
Nikon Eclipse E200 photomicroscope. The morphology of
the germ cells of A. mixtum was compared with the

descriptions of A. sculptum since the latter is the only species
ofthe A. cajennense complex described to date (Sampieri et al.
2016b). Similarly, we compared the events of spermatogene-
sis between the individuals of the R. sanguineus s.I. complex
from Caldas (Neira, Victoria, and Manizales) and with the
descriptions made by Sampieri et al. (2016a) for
R. sanguineus s.1.

Results
Morphological and molecular characterizations

The taxonomic identification of the ticks was based on the
external morphological traits of males and females, which
corresponded to those of A. mixtum. According to Nava
et al. (2014), very few external morphological traits can be
consistently used to separate the species of the A. cajennense
complex, A. mixtum — Colombia (Fig. 1a, ¢), and A. sculptum
— Sao Paulo, Brazil (Fig. 1b, d). One of these traits is the
female genital opening, which is “V” shaped in
A. cajennense s.s., A. tonelliae, and A. interandinum, “U”
shaped in A. mixtum and A. sculptum (Fig. le, f), and with
short and bulging lateral flaps in A. patinoi. All the female
specimens in this study showed a U-shaped genital opening
(Fig. 1e). Also, as described by Nava et al. (2014), the males
of A. mixtum differ from those of A. sculptum by the ornamen-
tation and punctuations of A. sculptum (Fig. 1a, b). Likewise,
we identified R. sanguineus s.l. males by traits such as an
inornate scutum with festoons present, adanal plates in the
ventral surface of the male, hexagonal basis capituli, and palps
and hypostome of the same size (Dantas-Torres 2008; Martins
et al. 2010).

The partial gene sequences for 16S rDNA of A. mixtum and
R. sanguineus were 99% identical to the corresponding se-
quences available for each species in GenBank. GenBank nu-
cleotide sequence accession numbers for the partial sequences
generated in the present study are (MN365044 — MN365045)
for A. mixtum and (MN396627 — MN396628) for
R. sanguineus s.1.

Histological analysis

We were unable to describe the complete morphohistology
of the reproductive system of the ticks collected in this
study since the specimens were sampled in situ while feed-
ing on their natural hosts, and the feeding was interrupted.
In particular, the development of the reproductive system
of ticks is directly related to feeding (Sampieri et al. 2014).
Therefore, the germ cell development described here is
spermatogenesis, which is the final stage of a series of
morphological changes of the spermatids until they be-
come a mature spermatozoon.

@ Springer



1576

Parasitol Res (2020) 119:1573-1582

Fig. 1T Morphological analyses of
the A. mixtum and A. sculptum. a,
¢ Dorsal view of the male and
female of A. mixtum (Caldas,
Colombia). b, d Dorsal view of
the male and female of

A. sculptum (Sao Paulo, Brazil). e
Genital aperture of the female of
A. mixtum. f Genital aperture of
the female of A. sculptum. (ga)
genital aperture, (sc) scutum, (e)
adjacent enamelled stripe, (fe)
festoons, (h) hypostome, (pal)

palps, (s) postero-median spot,
(se) setac

Spermiogenesis of A. mixtum

The male reproductive system of A. mixtum showed a basic
morphology similar to other species of the genus (Sampieri
et al. 2016b; Rivera-Péez et al. 2017) (Fig. 2). We could not
observe if the testicles were connected to the distal region;
however, the germ cells were organized into lined packages
with a simple epithelium throughout the testicles until a cer-
tain stage of the spermiogenesis. We observed five morpho-
logically distinct spermatids during spermiogenesis.
Spermatids I (spl) are grouped in spermatocytes that display
large nuclei and no cell limits evident, and spermatids II (spII)
begin to show the formation of cell limits, and the presence of
nucleoli within the cell nuclei is clearly observed (Fig. 2a).
Spermatids III (splll) display clear cell limits pentagonal in
shape, a laterally located nucleus, and the presence of a fila-
mentous structure in the anterior region, strongly stained by
hematoxylin (acrosomal vesicle). We also observed cisternae
bound to the cell membrane (Fig. 2b). Spermatids IV (spIV)
undergo the marked morphological changes of splll, includ-
ing cell lengthening, high condensation of the nuclear
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material, fusion of the membranous cisternae, the develop-
ment of the acrosomal vesicle, and the formation of the oper-
culum (Fig. 2¢). The attributes of the germ cells during the
first four stages match the descriptions for other species of the
genus Amblyomma (Sampieri et al. 2016b; Rivera-Paez et al.
2017). However, the last developmental stage of the germ
cells, spermatids V (spV), shows marked differences among
the study species (Fig. 2d). We compared the spermatogenesis
of A. mixtum with A. sculptum (Sampieri et al. 2016b) since it
is the only species of the complex described to date. We found
differences regarding the mature spermatozoa (spV), such as
the shape of the operculum, which as larger and more

Fig. 2 Spermatogenesis of A. mixtum. a Spermatids I and II. b P>
Spermatids III. ¢ Spermatids IV showing cell lengthening and the
nuclear process. d Spermatids V with the helicoidal nucleus (n) of
A. mixtum. e Spermatids V with the linear nucleus (n) of A. sculptum
(Sampieri et al. 2016b). f SpV scheme of A. mixtum; g SpV scheme of
A. sculptum. (av) acrosomal vesicle, (c) cisternae, (ep) epithelium, (n)
nucleus, (op) operculum, (sc) spermatocytes, (spl) spermatid I, (spll)
spermatid 11, (splll) spermatid III, (spIV) spermatid IV, (spV) spermatid
V, (T) testicle
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« Fig.3 Spermatogenesis of R. sanguineus s.1. a Spermatids I grouped into
spermatocytes (circle). b Spermatids III. ¢ Spermatids II. d Spermatids [V
during the cell lengthening (arrow), including the nuclear process (n). e
Spermatids V (Neira). f Posterior region of Spermatids V (Neira). g
Spermatids V (Victoria). h Spermatids V (Manizales). i SpV scheme
(Neira). j SpV scheme (Victoria). k SpV scheme (Manizales). (c)
cisternae, (ep) epithelium, (mc) membranous complex, (n) nucleus, (op)
operculum, (pr) posterior region, (sc) spermatocyte, (spl) spermatid I,
(spll) spermatid II, (spIll) spermatid III, (spIV) spermatid IV, (spV)
spermatid V, (T) testicle

extended in A. mixtum compared with A. sculptum (Fig. 2d, ¢).
Likewise, the shape of the nucleus in A. mixtum was helicoi-
dal, while in A. sculptum, it was filiform (Fig. 2d, e).
Therefore, in terms of the internal cell morphology, we pro-
pose a comparative scheme for stage spV between species
(Fig. 2f, g) since the spV of A. mixtum is different from
A. sculptum.

Spermiogenesis in R. sanguineus s.l.

Our observations confirmed the description made by Sampieri
et al. (2016a) for R. sanguineus s.1. The first stage of spermio-
genesis in ticks (spl) consists of cells with large nuclei and no
cell limits evident, protected within the spermatocytes
(Fig. 3a). Spermatids II (spIl) have large rounded nuclei with
clear cell limits and cytoplasmic bridges (between two or more
cells) (Fig. 3¢). In spermatids III (spIII), we observed cisternae
along the cell limits, and the cells showed a circular and pen-
tagonal shape in the periphery (Fig. 3b). Spermatids IV (spIV)
undergo expressive morphological changes and are no longer
organized in spermatocytes. SplV are lengthened and the
membranous cisternae are fused. In this stage, the nucleus
shows the shape of a half-moon and is located in the anterior
region of the cell (Fig. 3d). The last stage, spermatids V (spV),
consists of filiform cells with head-like anterior regions and
tail-like posterior regions (Fig. 3e-h). The anterior region con-
tains the operculum with a rim around the base. We also ob-
served fusion of membranous cisternae along the cell limits.
The cells in this stage showed relevant differences between the
R. sanguineus s.1. individuals from the different study areas of
Caldas (Manizales, Neira, and Victoria) regarding traits such
as the shape of the nucleus, size of the operculum, and shape
of the posterior region of the mature spermatozoon (Fig. 3f).
Accordingly, we propose a comparative scheme for stage spV
between the R. sanguineus s.l. individuals from each munici-
pality (Fig. 3i-k).

Discussion
The taxonomic analysis provides important information for

the phylogeny of ticks of the A. cajennense and
R. sanguineus s.l. complexes, given the constant taxonomic

controversies and revalidations in recent years. The external
morphology of A. mixtum agreed with the descriptions made
by Nava et al. (2014). Also, the external morphology of
R. sanguineus s.l. corresponded to the one proposed by
Estrada-Pefia et al. (2005).

Currently, spermiotaxonomy is considered a promising
tool for distinguishing Ixodidae species, and the phylogeny
of this group is improved by the analysis of the ultrastructure
of the male reproductive system and germ cells (Sampieri
et al. 2016a, b; Rivera-Paez et al. 2017). Rivera-Paez et al.
(2017) reported the first cladogram for the genus Amblyomma
based on morphological traits of the male reproductive system
and germ cells in several species, which provided valuable
phylogenetic information. This study complements the previ-
ous research by demonstrating that the mature spermatozoa
(spV) of the analyzed individuals show distinct morphological
traits that provide relevant information for separating the spe-
cies of the A. cajennense complex and the genus Amblyomma.
Furthermore, we describe two novel traits that complement
the list of diagnostic characters in tick spermiotaxonomy, in-
cluding the shape of the tail end piece and disposition of the
acrosomal vesicle throughout the spermatozoon (Fig. le, d).
We clarify that this study compared the morphology of germ
cells of A. mixtum and A. sculptum since these are cryptic
species and display a sympatric distribution (Nava et al.
2014; Estrada-Pefa et al. 2014). However, it would be impor-
tant to study the morphological plasticity of male germ cells of
the other species of the A. cajennense complex to guarantee
that these differences are fixed traits.

For R. sanguineus s.l., we found differences regarding the
shape and size of the operculum, the shape of the nuclear
process, and the shape of the tail end piece of mature germ
cells in ticks collected from the different municipalities (Neira,
Victoria, and Manizales) of Caldas, Colombia. Several authors
report that in Colombia, as in other tropical countries of the
USA, there is a single species of the R. sanguineus complex
(Nava et al. 2012; Nava et al. 2018). Therefore, to date, it is
not possible to infer that germ cell morphology is useful for
discriminating the members of this complex at the interspecif-
ic level. However, the morphological differences of male germ
cells found in this study are supported by variations in the
shape of the capitulum, genital opening, and spiracular plates
of the specimens of R. sanguineus analyzed here (data not
shown).

Nonetheless, a robust spermiotaxonomy analysis requires
broader sampling and experimentation (to include all species
of the A. cajennense complex and R. sanguineus from differ-
ent regions), as well as controlling the feeding times of the
ticks on the vertebrate hosts. The analysis of male germ cells,
however, is a useful tool that complements phylogenetic stud-
ies in ticks. This is especially relevant for studies on cryptic
species complexes for which DNA analysis is often ambigu-
ous or inconclusive.
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Also, as previously mentioned, the species of the
A. cajennense and R. sanguineus complexes are vectors of
disease-causing pathogens of medical and veterinary impor-
tance, such as Rickettsia spp. For this reason, accurate species
discrimination is crucial not only to gain better knowledge on
their phenology, taxonomy, and ecology but also to specifical-
ly and better understand the ecology of tick-borne pathogens,
their transmission dynamics, epidemiology, and control of
tick-borne diseases (Coimbra-Dores et al. 2016).
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