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Simple Summary: Members of Siphonaptera are commonly known as fleas. With more than
2500 species described worldwide, they constitute one of the most important parasites in our environ-
ment. The cat flea, Ctenocephalides felis, and the dog flea, Ctenocephalides canis, can also affect humans
and represent a potential danger for the transmission of pathogens. Despite being two of the most
frequently studied species, the classification and taxonomic diversity of these fleas is controversial.
Variations in their morphological characteristics frequently hinder their correct identification and
give rise to several uncertainties. To provide further information on the identification of these flea
species, a geometric morphometrics analysis was conducted. This technique assisted in differentiating
between specimens of both species, demonstrating that it can provide useful complementary data
and new insights for the classification of flea species, especially when molecular biology techniques
are not affordable or available.

Abstract: Fleas (Siphonaptera) are one of the most important ectoparasites that represent a potential
danger for the transmission of pathogens in our environment. The cat flea, Ctenocephalides felis
(Bouché, 1835), and the dog flea, Ctenocephalides canis (Curtis, 1826) are among the most prevalent
and most frequently studied species throughout the world. However, the variations observed in
their morphological characteristics complicate their correct identification, especially when there is a
lack of access to the equipment and funds required to carry out molecular biology techniques. With
the objective to provide an additional tool to help in the differentiation of Ctenocephalides species, a
principal component analysis was carried out for the first time in the present work on populations
of C. felis and C. canis from countries in three continents, namely Spain (Europe), South Africa
(Africa) and Iran (Asia). The factor maps assisted in the differentiation of both species and the
detection of differences in overall size, although morphological ambiguity prevented the delimitation
in populations of the same species. Thus, morphometrics represents a complementary tool to other
traditional and modern techniques, with great potential to assist in the differentiation of fleas,
particularly species that have historically been difficult to identify.

Keywords: fleas; Siphonaptera; Ctenocephalides; morphometrics; PCA; geometric morphometrics

1. Introduction

With more than 2500 species described worldwide, fleas (Siphonaptera) are one of the
most important ectoparasites in the world, associated with a wide variety of hosts, and
environmental and biological patterns [1]. In addition to being able to provoke itching bites
and allergic skin diseases, fleas can also act as a vector for other parasites and microor-
ganisms such as viruses and bacteria [2,3]. Thus, the presence of fleas in our environment
represents a potential danger for the transmission of pathogens [1] and, for this reason,
controlling them is a costly process [4]. In order to develop effective control and prevention
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measures, it is essential to deepen the understanding of the taxonomy and systematics of
fleas associated with humans and companion animals [5–7].

The cat flea, Ctenocephalides felis (Bouché, 1835), and the dog flea, Ctenocephalides canis
(Curtis, 1826), represent the majority of fleas infesting not only dogs and cats, but also
other warm-blooded animals and even humans [2,8–10]. Specifically, Ctenocephalides felis,
is the most prevalent species throughout the world with high infestation rates. This cos-
mopolitan distribution is due to their high adaptability to a wide variety of environmental
conditions [11].

Due to their global importance and their ability to vector pathogens such as Rick-
ettsia felis and Bartonella spp. [3,12], C. felis and C. canis are well-studied fleas through
morphological and molecular techniques, which usually allow for the differentiation of
both species [13–15]. However, variations in morphological characteristics were observed
among these fleas, hindering their correct identification, and giving rise to several uncer-
tainties about its taxonomic diversity [16]. The cat flea species historically includes four
geographically defined subspecies, but their remarkable morphological ambiguity and the
assumption of interbreeding between subspecies make differentiation even more complex
if not impossible [5,9,17,18]. In addition, the scarcity of available genetic data for taxa in
the genus Ctenocephalides causes their genetic identity to remain elusive [9,19,20].

On the other hand, traditional methods for diagnostics in parasitology are subject to
interpretation bias and resource-poor clinical settings do not always employ the required
tools and skilled technicians for data analyses. Nowadays, although molecular biology
includes widespread techniques, such techniques are not always available within all lab-
oratories. These limitations have fostered the appearance of new and more accessible
techniques for data treatment, such as geometric morphometric analysis [21,22].

Geometric morphometric analysis is a novel approach of parasitological diagnosis,
and it is applied to Fasciola spp. [23], nematodes [24] and arthropods [25,26], including fleas
from the genera Pulex [27], Ctenophthalmus [28] and Stenoponia [29].

With the objective of offering an additional tool to help in the differentiation of Cteno-
cephalides species, a principal component analysis was carried out for the first time in the
present work on populations of C. felis and C. canis in countries across three continents,
namely Spain (Europe), South Africa (Africa) and Iran (Asia). On the one hand, we tried to
explore the capacity of this approach to discriminate between both flea species and on the
other hand between populations of the same species, as well as the potential contribution
of other traditional and modern techniques.

2. Materials and Methods
2.1. Collection of Samples

A total of 246 fleas (107 males and 139 females) were collected from dogs (Canis lupus
familiaris) from different regions of Europe, Africa and Asia, specifically Spain, South Africa
and Iran, respectively, which were distributed as shown in Table 1.

Each infested dog was exhaustively examined for fleas and combed for 5 min over
the whole body with a fine-toothed comb, specifically the head, neck, body, sides, tail, and
ventral regions of each animal. Fleas were collected manually, transferred to Eppendorf
tubes containing 96% ethanol and stored at room temperature until processing. The
transportation and conservation of samples did not require any additional conditions.

2.2. Morphological Identification and Metric Data Processing

For the morphological analysis, all whole specimens were examined and photographed
under an optical microscope to carry out a first specific classification. Subsequently, all
the specimens were cleared with 10% KOH, prepared and mounted on glass slides us-
ing conventional procedures with EUKITT mounting medium (O. Kindler GmbH & Co.,
Freiburg, Germany) [30]. Once mounted, they were examined again for a deeper morpho-
logical analysis using a CX21 microscope (Olympus, Tokyo, Japan). Diagnostic morpho-
logical characteristics of all the samples were studied by comparison with figures, keys
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and descriptions reported previously [1,9,31–33]. After morphological identification, the
cleared and mounted specimens were measured using a Zeiss microscope 47 30 11 9901
(Zeiss, Oberkochen, Germany) according to 10 different parameters for males (Table 2)
and 14 different parameters for females (Table 3). These parameters were selected and
measured in the present work in accordance with the representative characteristics of Cteno-
cephalides mentioned in the literature [1,9,31–33]. Figure 1 shows a diagram representing
the biometric characteristics analyzed.

Table 1. Distribution of fleas collected from dogs from different geographical origins.

Geographical Origin Ctenocephalides felis
(Number of Fleas)

Ctenocephalides canis
(Number of Fleas)

Male Female Male Female

Sanlúcar de Barrameda (Cádiz, Spain) 20 25 - -
Santanyi (Mallorca, Spain) 20 20 - -
Fuentes de Andalucía (Seville, Spain) - 10 - -
Mairena del Aljarafe (Seville, Spain) 8 4 - -
Dos Hermanas (Seville, Spain) 12 15 - -
La Luisina (Seville, Spain) - 10 - -
Seville (Seville, Spain) 16 15 - -
Polokwane (Limpopo province, South Africa) 15 21 - -
Nashtarood (Mazandaran province, Iran) 10 - 6 19
Total 101 120 6 19

Table 2. Biometrical data of males of Ctenocephalides felis and C. canis isolated from Canis lupus
familiaris from Spain, South Africa and Iran.

C. felis (Spain) C. felis (South Africa) C. felis (Iran) C. canis (Iran)

Max Min Б σ VC Max Min Б σ VC Max Min Б σ VC Max Min Б σ VC

TL (mm) † 2.2 1.5 1.8 0.2 11 2.1 1.5 1.9 0.2 11 1.9 1.4 1.7 0.2 12 2.5 1.7 2.0 0.3 15
TW (mm) † 0.9 0.6 0.8 0.1 13 0.9 0.6 0.8 0.1 13 0.9 0.6 0.7 0.1 14 1.1 0.8 0.9 0.1 11

HL (µm) 440 316 378 25 7 404 334 367 22 6 398 263 357 39 11 474 322 379 52 14
HW (µm) † 270 193 232 16 7 246 188 225 19 9 258 210 239 15 6 305 229 269 29 11

PROTW (µm) † 135 70 98 14 15 111 76 88 9 10 111 70 94 15 16 123 88 106 13 12
MESOW (µm) 135 82 111 13 12 123 76 107 16 15 135 100 109 10 9 164 70 116 30 26
METW (µm) † 158 88 121 13 11 147 82 122 17 14 147 117 133 10 8 217 141 162 31 19

DEG (µm) † 63 16 44 7 16 56 38 47 5 11 49 24 37 8 22 52 43 47 4 9
IL (µm) † 99 47 65 9 14 59 42 52 6 12 68 49 55 6 11 63 42 55 8 15

AW (µm) † 94 35 75 11 15 92 61 78 8 10 94 23 64 21 33 106 80 90 11 12

TL: total length, TW: total width, HL: total length of the head, HW: total width of the head, PROTW: total width
of the prothorax, MESOW: total width of the mesothorax, METW: total width of the metathorax, DEG: difference
in length between first and second spines of the genal ctenidium, IL: incrassation length from the head, AW: Apex
width, Max: maximum, Min: minimum, Б: arithmetic mean, σ: standard deviation, VC: coefficient of variation
(percentage converted), †: Significant differences between groups (p < 0.005).

Descriptive univariate statistics based on arithmetic mean, standard deviation, range
and coefficient of variation for all parameters were determined for male and female popu-
lations. The data were subjected to one-way ANOVA (analysis of variance) for statistical
analysis of the parameters. The results were statistically significant when p < 0.05. Statis-
tical analysis was performed using Microsoft Excel 2016 (v16.0). In addition, biometric
characteristics of fleas were compared, and the most significant parameters were assayed
for a morphometrics study.
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Table 3. Biometrical data of females of Ctenocephalides felis and C. canis isolated from Canis lupus
familiaris from Spain, South Africa and Iran.

C. felis (Spain) C. felis (South Africa) C. canis (Iran)

s Max Min Б σ VC Max Min Б σ VC Max Min Б σ VC

TL (mm) 3.0 1.7 2.4 0.3 13 2.7 2.0 2.5 0.1 4 3.4 1.8 2.4 0.4 17
TW (mm) 1.4 0.8 1.1 0.1 9 1.2 0.9 1.1 0.1 10 1.3 0.9 1.1 0.1 9
HL (µm) † 486 369 430 24 6 440 375 410 21 5 422 328 384 26 7
HW (µm) 310 229 270 17 6 299 240 273 16 6 316 240 275 23 8

PROTW (µm) † 188 88 122 19 15 147 100 117 10 8 135 70 95 16 17
MESOW (µm) 240 105 140 20 14 164 117 137 13 9 152 105 130 14 11
METW (µm) † 170 117 145 13 9 164 111 144 14 10 217 117 173 23 13

DEG (µm) † 59 28 45 6 14 54 35 46 6 13 82 35 56 11 20
IL (µm) † 118 59 88 12 13 92 49 72 11 15 94 38 72 14 19

BULGAL (µm) † 82 47 65 7 11 78 52 66 7 11 85 52 70 10 14
BULGAW (µm) 68 40 51 4 8 56 42 49 7 14 59 47 51 3 6

APEHILL (µm) † 78 31 51 10 20 68 40 54 8 14 82 40 67 11 17
APEHILW (µm) † 42 19 29 4 14 40 14 27 6 21 49 24 35 6 18

DBMV (µm) 410 29 249 69 28 287 147 223 42 19 340 176 247 45 18

TL: total length, TW: total width, HL: total length of the head, HW: total width of the head, PROTW: total width
of the prothorax, MESOW: total width of the mesothorax, METW: total width of the metathorax, DEG: difference
in length between first and second spines of the genal ctenidium, IL: incrassation length from the head, BULGAL:
total length of the bulga, BULGAW: total width of the bulga, APEHILL: total length of the apex of the hilla,
APEHILW: total width of the apex of the hilla, DBMV = distance from bulga to ventral margin of the body, Max:
maximum, Min: minimum, Б: arithmetic mean, σ: standard deviation, VC: coefficient of variation (percentage
converted), †: Significant differences between groups (p < 0.005).

Figure 1. Diagram of the biometric characteristics analyzed. In all specimens: TL: total length, TW:
total width, HL: total length of the head, HW: total width of the head, PROTW: total width of the
prothorax, MESOW: total width of the mesothorax, METW: total width of the metathorax, DEG:
difference in length between first and second spines of the genal ctenidium, IL: incrassation length
from the head. In males: AW: Apex width. In females: BULGAL: total length of the bulga, BULGAW:
total width of the bulga, APEHILL: total length of the apex of the hilla, APEHILW: total width of the
apex of the hilla, DBMV = distance from bulga to ventral margin of the body.

Morphological variation is quantified using geometric morphometrics [21], a technique
offering an estimate of size by which different axes of growth are integrated into a single
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variable (the “centroid size”) [34]. The estimate of size is contained in a single variable
reflecting variation in many directions, correlated with the number of landmarks under
study, and shape is defined as their relative positions after correction for size, position and
orientation. With these informative data, and the corresponding software freely available
to conduct complex analyses, significant biological and epidemiological features can be
quantified more accurately [35].

Multivariate analyses were applied to assess phenotypic variations among the samples,
using size-free canonical discriminant analysis on the covariance of log-transformed mea-
surements. These analyses were applied to exclude the effect of within-group ontogenetic
variations by reducing the effect of each characteristic on the first pooled within-group
principal component (a multivariate size estimator) [36]. The Principal Component Anal-
ysis (PCA) was used to summarize most of the variations in a multivariate dataset with
few dimensions [37]. Morphometric data were explored using multivariate analysis in four
parameters (TL, TW, HW and AW) in males (Table 2) and four parameters (HL, BULGAL,
APEHILL, and DEG) in females (Table 3) with BAC v.2 software [38,39].

Molecular data were analyzed previously by Marrugal et al. [18], which confirmed the
morphological identification of the samples.

3. Results

A total of 246 fleas were collected and classified as follows: 175 from Spain as C. felis
(76 males and 99 females), 36 from South Africa as C. felis (15 males and 21 females) and 10
from Iran as C. felis males plus 25 C. canis (6 males and 19 females) (Table 1).

To carry out the classification of the Ctenocephalides samples, we considered tradi-
tionally used descriptions to discern between these species and, additionally, detected
remarkable morphological features based on the measurements performed. Statistical
tests showed several significant measurements for subsequent morphometric analyses.
Therefore, the following parameters were used: total length (TL), total width (TW), total
width of the head (HW) and apex width (AW) in males (Table 2) and total length of the head
(HL), total length of the bulga (BULGAL), total length of the apex of the hilla (APEHILL)
and difference between the first and second spines of the genal ctenidium (DEG) in females
(Table 3). The study of the influence of the size was carried out by performing PCA in C. felis
and C. canis, consisting of the regression of each character separately on the within-group
first principal component (PCI). The resulting factor maps for male and female populations
are represented in Figures 2 and 3, respectively.

Male variables significantly correlated with PCI, contributing 63% to the overall
variation. The male factor maps did not show any remarkable global size differences in the
C. felis populations, but a slightly larger size was detected in C. canis males (Figure 2). In
addition, male populations presented an extensive overlapping area except for C. canis. This
flea only overlapped partially with C. felis from Spain and South Africa, and it appeared
completely independent from the C. felis population from Iran.

On the other hand, female variables significantly correlated with PCI, contributing
55% to the overall variation. The resulting factor maps (Figure 3) clearly illustrate global
size differences in the populations analyzed, including a bigger size in C. canis, more
remarkable than in males. Although the female populations showed an overlapping area,
two delimited zones can be distinguished, whereby one zone is constituted by C. felis from
Spain while the other zone consists of C. canis from Iran. Moreover, the C. felis from South
Africa presents an intermediate size between C. felis from Spain and C. canis from Iran, with
its own morphometric pattern. These results reveal that intermediate forms between C. felis
and C. canis exist in South Africa.
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Figure 2. Factor map corresponding to Ctenocephalides spp. male adults from Spain, South Africa,
and Iran. Samples are projected onto the first and second principal components: PCI (63%) and PCII
(25%). Each group is represented by its perimeter.

Figure 3. Factor map corresponding to Ctenocephalides spp. female adults from Spain, South Africa,
and Iran. Samples are projected onto the first and second principal components: PCI (55%) and PCII
(28%). Each group is represented by its perimeter.

4. Discussion

Despite their names, cat and dog fleas are not specific to either animal, as both species
can be found on either a dog or a cat. In fact, Dobler and Pfeffer [40] showed that the most
prevalent flea species found globally in domestic dogs is C. felis, with prevalence rates
ranging from 5% to 100%. This is why the sampling process could be focused on dogs only.
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On the other hand, the reason for the low number of C. canis specimens reported in
Table 1 is that this species is present globally but in lower rates than the cat flea [40]. C. felis
is the most prevalent flea species detected on dogs and cats in Europe and other regions.
In Spain, C. felis is the most frequently detected and widely distributed throughout the
country [41]. In addition, C. canis is considered very rare in South Africa [1], leading to a
lower detection of these specimens.

The taxonomy of Ctenocephalides fleas remains unresolved due to complex factors such
as the host range, vicariance and climatic events [1]. Finding representative parameters
that assist in the differentiation of these fleas represents an elusive task, which becomes
even more complex when taking subspecies into account. For instance, van der Mescht
et al. [1] carried out one of the few principal component analyses applied to C. felis, based
on the variation of the head shape between C. f. strongylus and C. f. felis. The large overlap
observed in the factor map indicated that this characteristic is not useful for phylogenetic
inferences. Moreover, these authors found that neither sex differed in body size between
subspecies or genetic clusters.

The C. felis morphological ambiguity brought to light by other authors [9,19,20] could
explain the overlap between these populations in the male and female factor maps in
the present work (Figures 1 and 2) and the lack of significant differences among C. felis
populations, which prevent their differentiation.

In addition, Lawrence et al. [16] reported that C. felis was most phylogenetically
diverse in Africa, with genetic assemblages that do not belong strictly to any subspecies
designations. This fact is in accordance with the intermediate size presented by C. felis from
South Africa in females (Figure 3), whose factor map overlaps with both C. felis from Spain
and C. canis from Iran.

Moreover, C. canis presented a larger size in both male and female populations, con-
sidering the selected measurements, and showed a morphological identity that allowed its
differentiation from C. felis in both male and female populations.

Therefore, it is necessary to emphasize that the differentiation between C. felis from
distinct populations seems impossible at a morphological level exclusively, and between
C. felis and C. canis there may arise confusion too, even when relying on apparently trust-
worthy features. Complicating this further, these features also vary between genders, as
evidenced by the fact that the measurements in the present study were completely different
between males and females, with TL, TW, HW and AW in males versus HL, BULGAL,
APEHILL and DEG in females. This is in accordance with Linardi and Santos [34], who
highlighted that although the head curvature is highly different between males and females
of C. felis, this feature may be unclear for separating males of the two species. This led to an
incorrect diagnosis in some studies, in which males of C. felis were identified as C. canis. In
fact, head length (HL) was not useful to discriminate between Ctenocephalides sp. males in
the present work, as opposed to females.

It is also remarkable that all combinations of measurements for female Ctenocephalides
in this study that included the length of the fleas always led to factor maps with wide
overlapping areas between them (data not shown) meaning that the total length of the fleas
(TL) does not contribute to species differentiation in females, while in males TL appeared
as a significant feature.

On the other hand, the inclusion of the apex width in the PCA carried out in the present
work is in accordance with the importance this parameter has shown previously to define
the morphological identity in males [14,18], just as the degree of elongation of the apical
part (hilla) in females [18,31]. In case of not being able to obtain apex related measurements
for geometric morphometric analyses, an alternative consists of using DEG instead in males,
since it proved to be a useful parameter with similar results (data not shown).

Although the separation of C. felis specimens from different regions was not accom-
plished in the present work, geometric morphometrics emerged as a complementary
technique which can differentiate between C. canis and C. felis, with factor maps that high-
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light the differences between both fleas, relying on statistically significant morphological
features.

Recently, morphometrics has proven useful to discern between flea populations, such
as Ctenophthalmus baeticus boisseauorum and Ctenophthalmus apertus allani [29] as well as
Stenoponia tripectinata tripectinata specimens from Canary Islands and the Iberian Penin-
sula [30]. This technique represents an interesting approach to apply to other congeneric
flea species and doubtful cases, in which the morphological features are not valid criteria
as diagnostic characteristics. This is the case of the Archaeopsylla [42] and Nosopsyllus [43]
species, in which the taxonomic similarity between species complicates their identification
based exclusively on morphological characteristics.

The results obtained by morphometrics are supported by software analyses, hence
they are more accurate than traditional techniques and, in addition, more affordable in
low-resource settings [22].

Despite the limited number of C. canis specimens analyzed, differentiation between
species and was achieved and conclusions were reached. However, it would be desirable
to include a greater number of this elusive flea in future studies.

Considering that DNA sequencing techniques are costly and special equipment is
required, morphometrics arise as an affordable additional criterion for systematic studies
on fleas. This method also shows potential for application in other flea species that are
not easy to differentiate between with traditional methods, offering new possibilities in
this field.

5. Conclusions

The principal component analysis of males and females C. felis and C. canis revealed
factor maps that allowed for the differentiation of both species, although overlapping
between populations was present probably due to the morphological ambiguity of C. felis.
Differences in overall size were also detected, with C. canis presenting a larger size in
all cases.

Hence, the results obtained reveal that morphometrics can provide useful comple-
mentary data to delineate Ctenocephalides species, especially when there is no access to
molecular biology techniques.

Accordingly, morphometrics represents an alternative to other traditional and modern
techniques, showing an extrapolation capacity, great potential to help in the differentiation
of fleas and applicability to species that have historically been difficult to identify.

Author Contributions: Conceptualization, C.C. and A.Z.; methodology, A.M.G.-S.; software, A.M.G.-
S.; validation, A.Z. and C.C.; formal analysis, C.C.; investigation, A.M.G.-S.; resources, C.C.; data
curation, A.M.G.-S.; writing—original draft preparation, A.M.G.-S.; writing—review and editing,
A.Z. and C.C.; visualization, C.C.; supervision, A.Z. and C.C.; project administration, C.C.; funding
acquisition, C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a project from the Junta de Andalucía (P20_00544).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: We wish to thank Ali Halajian, the Biodiversity Research Chair (University of
Limpopo: Wilmien J. Luus-Powell), Firouz-Farideh and Pietersburg Veterinary Clinic (Polokwane,
South Africa) for providing the samples.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. van der Mescht, L.; Matthee, S.; Matthee, C.A. New taxonomic and evolutionary insights relevant to the cat flea, Ctenocephalides

felis: A geographic perspective. Mol. Phylogenet. Evol. 2021, 155, 106990. [CrossRef] [PubMed]
2. Kramer, F.; Mencke, N. Flea Biology and Control; Springer: Berlin/Heidelberg, Germany, 2001.

http://doi.org/10.1016/j.ympev.2020.106990
http://www.ncbi.nlm.nih.gov/pubmed/33096232


Insects 2022, 13, 707 9 of 10

3. Eisen, R.J.; Gage, K.L. Transmission of flea-borne zoonotic agents. Annu. Rev. Entomol. 2012, 57, 61–82. [CrossRef] [PubMed]
4. Nisbet, A.J.; Huntley, J.F. Progress and opportunities in the development of vaccines against mites, fleas and myiasis-causing flies

of veterinary importance. Parasite Immunol. 2006, 28, 165–172. [CrossRef] [PubMed]
5. Vobis, M.; D’Haese, J.; Mehlhorn, H.; Mencke, N.; Blagburn, B.L.; Bond, R.; Denholm, I.; Dryden, M.W.; Payne, P.; Rust, M.K.; et al.

Molecular phylogeny of isolates of Ctenocephalides felis and related species based on analysis of ITS1, ITS2 and mitochondrial 16S
rDNA sequences and random binding primers. Parasitol. Res. 2004, 94, 219–226. [CrossRef] [PubMed]

6. Rust, M.K. Insecticide Resistance in Fleas. Insects 2016, 7, 10. [CrossRef]
7. Muiruri, P.; Juma, D.W.; Ingasia, L.A.; Chebon, L.J.; Opot, B.; Ngalah, B.S.; Cheruiyot, J.; Andagalu, B.; Akala, H.M.; Nyambati,

V.C.; et al. Selective sweeps and genetic lineages of Plasmodium falciparum multi-drug resistance (pfmdr1) gene in Kenya. Malar. J.
2018, 17, 398. [CrossRef]

8. Farkas, R.; Gyurkovsky, M.; Solymosi, N.; Beugnet, F. Prevalence of flea infestation in dogs and cats in Hungary combined with a
survey of owner awareness. Med. Vet. Entomol. 2009, 23, 187–194. [CrossRef]

9. Lawrence, A.L.; Brown, G.K.; Peters, B.; Spielman, D.S.; Morin-Adeline, V.; Slapeta, J. High phylogenetic diversity of the cat flea
(Ctenocephalides felis) at two mitochondrial DNA markers. Med. Vet. Entomol. 2014, 28, 330–336. [CrossRef]

10. Visser, M.; Rehbein, S.; Wiedemann, C. Species of flea (Siphonaptera) infesting pets and hedgehogs in Germany. J. Vet. Med. Ser. B
2001, 48, 197–202. [CrossRef]

11. Rust, K.M. The biology and ecology of cat fleas and advancements in their pest management: A review. Insects 2017, 8, 118.
[CrossRef]

12. Adams, J.R.; Schmidtmann, E.T.; Azad, A.F. Infection of colonized cat fleas, Ctenocephalides felis (Bouché), with a rickettsia-like
microorganism. Am. J. Trop. Med. Hyg. 1990, 43, 400–409. [CrossRef] [PubMed]

13. Rust, M.K.; Dryden, M.W. The biology, ecology, and management of the cat flea. Annu. Rev. Entomol. 1997, 42, 451–473. [CrossRef]
[PubMed]

14. Ménier, K.; Beaucournu, J.C. Taxonomic study of the genus Ctenocephalides Stiles & Collins, 1930 (Insecta: Siphonaptera: Pulicidae)
by using aedeagus characters. J. Med. Entomol. 1998, 35, 883–890. [PubMed]

15. Azrizal-Wahid, N.; Sofian-Azirun, M.; Low, V.L. New insights into the haplotype diversity of the cosmopolitan cat flea Cteno-
cephalides felis (Siphonaptera: Pulicidae). Vet. Parasitol. 2020, 281, 109102. [CrossRef]

16. Lawrence, A.L.; Webb, C.E.; Clark, N.J.; Halajian, A.; Mihalca, A.D.; Miret, J.; D’Amico, G.; Brown, G.; Kumsa, B.; Modrý, D.;
et al. Out-of-Africa, human-mediated dispersal of the common cat flea, Ctenocephalides felis: The hitchhiker’s guide to world
domination. Int. J. Parasitol. 2019, 49, 321–336. [CrossRef]

17. Mehlhorn, H.; D’Haese, J.; Vobis, M.; Mencke, N. No molecular indications for the occurrence of subspecies in the Cat flea
Ctenocephalides felis (Siphonaptera: Ctenocephalidae). Entomol. Gen. 2004, 27, 295–301. [CrossRef]

18. Marrugal, A.; Callejón, R.; de Rojas, M.; Halajian, A.; Cutillas, C. Morphological, biometrical, and molecular characterization of
Ctenocephalides felis and Ctenocephalides canis isolated from dogs from different geographical regions. Parasitol. Res. 2013, 112,
2289–2298. [CrossRef]

19. Beaucournu, J.C.; Ménier, K. Le genre Ctenocephalides Stiles et Collins, 1930 (Siphonaptera, Pulicidae). Parasite 1998, 5, 3–16.
[CrossRef]

20. Lawrence, A.L.; Hii, S.-F.; Jirsová, D.; Panáková, L.; Ionică, A.M.; Gilchrist, K.; Modrý, D.; Mihalca, A.D.; Webb, C.E.; Traub, R.J.;
et al. Integrated morphological and molecular identification of cat fleas (Ctenocephalides felis) and dog fleas (Ctenocephalides canis)
vectoring Rickettsia felis in central Europe. Vet. Parasitol. 2015, 210, 215–223. [CrossRef]

21. Rohlf, F.J.; Marcus, L.F. A revolution morphometrics. Trends Ecol. Evol. 1993, 8, 129–132. [CrossRef]
22. Ruenchit, P. State-of-the-Art Techniques for Diagnosis of Medical Parasites and Arthropods. Diagnostics 2021, 11, 1545. [CrossRef]

[PubMed]
23. Sumruayphol, S.; Siribat, P.; Dujardin, J.P.; Dujardin, S.; Komalamisra, C.; Thaenkham, U. Fasciola gigantica, F. hepatica and Fasciola

intermediate forms: Geometric morphometrics and an artificial neural network to help morphological identification. PeerJ 2020,
8, e8597. [CrossRef] [PubMed]

24. Hugot, J.P.; Baylac, M. Shape patterns of genital papillae in pinworms (Enterobiinae, Oxyurida, Nematoda) parasite of primates:
A landmark analysis. Infect. Genet. Evol. 2007, 7, 168–179. [CrossRef]

25. Mondal, R.; Devi, N.P.; Jauhari, R.K. Landmark-based geometric morphometric analysis of wing shape among certain species of
Aedes mosquitoes in District Dehradun (Uttarakhand), India. J. Vector Borne Dis. 2015, 52, 122–128. [PubMed]

26. Santillán-Guayasamín, S.; Villacís, A.G.; Grijalva, M.J.; Dujardin, J.P. The modern morphometric approach to identify eggs of
Triatominae. Parasites Vectors 2017, 10, 55. [CrossRef]

27. Zurita, A.; Callejón, R.; García-Sánchez, Á.M.; Urdapilleta, M.; Lareschi, M.; Cutillas, C. Origin, evolution, phylogeny and
taxonomy of Pulex irritans. Med. Vet. Entomol. 2019, 33, 296–311. [CrossRef]

28. Zurita, A.; García-Sánchez, Á.M.; Cutillas, C. Ctenophthalmus baeticus boisseauorum (Beaucournu, 1968) and Ctenophthalmus
apertus allani (Smit, 1955) (Siphonaptera: Ctenophthalmidae) as synonymous taxa: Morphometric, phylogenetic, and molecular
characterization. Bull. Entomol. Res. 2020, 110, 663–676. [CrossRef]

29. Zurita, A.; García-Sánchez, Á.M.; Cutillas, C. Comparative molecular and morphological study of Stenoponia tripectinata tripectinata
(Siphonaptera: Stenoponiidae) from the Canary Islands and Corsica. Bull. Entomol. Res. 2022, 1–10. [CrossRef]

http://doi.org/10.1146/annurev-ento-120710-100717
http://www.ncbi.nlm.nih.gov/pubmed/21888520
http://doi.org/10.1111/j.1365-3024.2006.00803.x
http://www.ncbi.nlm.nih.gov/pubmed/16542318
http://doi.org/10.1007/s00436-004-1201-x
http://www.ncbi.nlm.nih.gov/pubmed/15340839
http://doi.org/10.3390/insects7010010
http://doi.org/10.1186/s12936-018-2534-8
http://doi.org/10.1111/j.1365-2915.2009.00798.x
http://doi.org/10.1111/mve.12051
http://doi.org/10.1046/j.1439-0450.2001.00445.x
http://doi.org/10.3390/insects8040118
http://doi.org/10.4269/ajtmh.1990.43.400
http://www.ncbi.nlm.nih.gov/pubmed/2240368
http://doi.org/10.1146/annurev.ento.42.1.451
http://www.ncbi.nlm.nih.gov/pubmed/9017899
http://www.ncbi.nlm.nih.gov/pubmed/9775624
http://doi.org/10.1016/j.vetpar.2020.109102
http://doi.org/10.1016/j.ijpara.2019.01.001
http://doi.org/10.1127/entom.gen/27/2005/295
http://doi.org/10.1007/s00436-013-3391-6
http://doi.org/10.1051/parasite/1998051003
http://doi.org/10.1016/j.vetpar.2015.03.029
http://doi.org/10.1016/0169-5347(93)90024-J
http://doi.org/10.3390/diagnostics11091545
http://www.ncbi.nlm.nih.gov/pubmed/34573887
http://doi.org/10.7717/peerj.8597
http://www.ncbi.nlm.nih.gov/pubmed/32117632
http://doi.org/10.1016/j.meegid.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26119543
http://doi.org/10.1186/s13071-017-1982-2
http://doi.org/10.1111/mve.12365
http://doi.org/10.1017/S0007485320000127
http://doi.org/10.1017/S0007485322000098


Insects 2022, 13, 707 10 of 10

30. Lewis, R.E. Notes on the geographical distribution and host preferences in the order Siphonaptera. Part 8. New taxa described
between 1984 and 1990, with a current classification of the order. J. Med. Entomol. 1993, 30, 239–256. [CrossRef]

31. Hopkins, G.H.E.; Rothschild, M. An Illustrated Catalogue of the Rothschild Collection of Fleas in the British Museum (Natural History):
Volume III Hystrichopsyllidae; Cambridge University Press: Cambridge, UK, 1962.

32. Beaucournu, J.C.; Launay, H. Les Puces (Siphonaptera) de France et du Bassin Méditerranéen Occidental, Faune de France; Fedération
Française des Sociétés des Sciences Naturelles: Paris, France, 1990; Volume 76.

33. Linardi, P.M.; Costa Santos, J.L. Ctenocephalides felis felis vs. Ctenocephalides canis (Siphonaptera: Pulicidae): Some issues in correctly
identify these species. Rev. Bras. Parasitol. Vet. 2012, 21, 345–354. [CrossRef]

34. Bookstein, F.L. Size and shape: A comment on semantics. Syst. Zool. 1989, 38, 173–180. [CrossRef]
35. Dujardin, J.P. Morphometrics applied to medical entomology. Infect. Genet. Evol. 2008, 8, 875–890. [CrossRef] [PubMed]
36. Dos Reis, S.P.; Pessoa, L.M.; Strauss, R.E. Application of size-free canonical discriminant analysis to studies of geographic

differentiation. Braz. J. Genet. 1990, 13, 509–520.
37. Dujardin, J.P.; Le Pont, F. Geographical variation of metric properties within the neotropical sandflies. Infect. Genet. Evol. 2004, 4,

353–359. [CrossRef]
38. Dujardin, J.P.; BAC Software. Institut de Recherches pour le Développement (IRD), France. 2002. Available online: http:

//www.fsf.org/copyleft/gpl.html (accessed on 20 May 2022).
39. Valero, M.A.; Perez-Crespo, I.; Periago, M.V.; Khoubbane, M.; Mas-Coma, S. Fluke egg characteristics for the diagnosis of human

and animal fascioliasis by Fasciola hepatica and F. gigantica. Acta Trop. 2009, 111, 150–159. [CrossRef]
40. Dobler, G.; Pfeffer, M. Fleas as parasites of the family Canidae. Parasites Vectors 2011, 4, 139. [CrossRef]
41. Gálvez, R.; Musella, V.; Descalzo, M.A.; Montoya, A.; Checa, R.; Marino, V.; Martín, O.; Cringoli, G.; Rinaldi, L.; Miró, G.

Modelling the current distribution and predicted spread of the flea species Ctenocephalides felis infesting outdoor dogs in Spain.
Parasites Vectors 2017, 10, 428. [CrossRef]

42. Zurita, A.; Callejón, R.; de Rojas, M.; Cutillas, C. Morphological, biometrical and molecular characterization of Archaeopsylla
erinacei (Bouché, 1835). Bull. Entomol. Res. 2018, 108, 726–738. [CrossRef]

43. Zurita, A.; Callejón, R.; de Rojas, M.; Cutillas, C. Morphological and molecular study of the genus Nosopsyllus (Siphonaptera:
Ceratophyllidae). Nosopsyllus barbarus (Jordan & Rothschild 1912) as a junior synonym of Nosopsyllus fasciatus (Bosc d’Antic,
1800). Insect Syst. Evol. 2018, 49, 81–101.

http://doi.org/10.1093/jmedent/30.1.239
http://doi.org/10.1590/S1984-29612012000400002
http://doi.org/10.2307/2992387
http://doi.org/10.1016/j.meegid.2008.07.011
http://www.ncbi.nlm.nih.gov/pubmed/18832048
http://doi.org/10.1016/j.meegid.2004.05.001
http://www.fsf.org/copyleft/gpl.html
http://www.fsf.org/copyleft/gpl.html
http://doi.org/10.1016/j.actatropica.2009.04.005
http://doi.org/10.1186/1756-3305-4-139
http://doi.org/10.1186/s13071-017-2357-4
http://doi.org/10.1017/S0007485317001274

	Introduction 
	Materials and Methods 
	Collection of Samples 
	Morphological Identification and Metric Data Processing 

	Results 
	Discussion 
	Conclusions 
	References

