Parasites Hosts Dis 2024;62(1):117-130
https//doi.org/10.3347/PHD.23006 Original Article
pISSN 2982-5164 » eISSN 2982-6799

Diversity of midgut microbiota in ticks collected from @ cecorupases
white-tailed deer (Odocoileus virginianus) from northern
Mexico

Zinnia Judith Molina-Garza' (3, Mariana Cuesy-Leén’ (9, Lidia Baylon-Pacheco? (, José Luis Rosales-Encina’ @,
Lucio Galaviz-Silva'*

"Universidad Auténoma de Nuevo Ledn, Facultad de Ciencias Biolégicas, Laboratorio de Patologia Molecular y Experimental, Ciudad
Universitaria, San Nicolas de los Garza, Nuevo Ledn, Mexico. C.P. 66455; ?Departamento de Infectémica y Patogénesis Molecular,
Centro de Investigacion y de Estudios Avanzados de IPN. Av. IPN No. 2508, Col. San Pedro Zacatenco, Del. Gustavo A. Madero, Ciudad
de México, C.P. 07360

Abstract

Received: 17 January 2023 Ticks host different pathogens as endosymbiont and nonpathogenic microorganisms
Accepted: 8 November 2023 gnd play an important role in reproductive fitness and nutrient provision. However, the
. : bacterial microbiomes of white-tailed deer ticks have received minimal attention. This
orrespondence . . . . . . . .
(luciogalavizsl@uanl.edumy)  Study aimed to examine the bacterial microbiome of ticks collected from Odocoileus vir-
ginianus on the Mexico-United States border to assess differences in microbiome diver-
sity in ticks of different species, sexes, and localities. Five different tick species were
Citation . iy : ; ; it
Molina-Garza ZJ, Cuesy-Leon M, co!lected. Rhipicephalus microplus, D-erma.centf)r nitens, Otobius megn./nl, Amblyomma
Baylén-Pacheco L, Rosales-Encina JL,  c@jennense, and A. maculatum. The tick microbiomes were analyzed using next-genera-
GalavizSilvaL.  tion sequencing. Among all tick species, the most predominant phylum was Proteobac-
Diversity of midgut microbiota in ticks . . . S . .
collected from white-tailed deer ten’a, followed by Actllnobactena an.d F|rm|c?utes: Thg ticks from Tamau!lpas angll Nuevo
(Odocoileus virginianus) from northern  Ledn presented the highest bacterial species diversity. Acinetobacter johnsonii and A.
Mexico. yoffii were the common bacterial species in the microbiome of all ticks, Coxiella were
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present in R. microplus, and Dermacentor nitens also exhibited a Francisella-like endo-
symbiont. The microbiome of most females in D. nitens was less diverse than that of
males, whereas R. microplus occurs in females, suggesting that microbiome diversity is
influenced by sex. In the bacterial communities of A. maculatum and O. megnini, Candli-
datus Midichloria massiliensis, and Candidatus Endoecteinascidia fumentensis were the
most predominant endosymbionts. These results constitute the initial report on these
bacteria, and this is also the first study to characterize the microbiome of O. megnini.
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Introduction

Ticks are obligate hematophagous ectoparasites of vertebrates, and blood of various hosts,
including humans and animals, is their sole source of nutrition. Ticks harbor different

© 2024 The Korean Society for  pathogens such as Borrelia, Coxiella, Francisella, and Rickettsia, endosymbionts such as
Parasitology and Tropical Medicine 3 . ) . . .
Coxiella-like and Francisella-like endosymbionts (CLEs and FLEs, respectively), and non-
This is an Open Access article distributed under
the terms of the Creative Commons Attribution

Non-Commercial License (httpsy//creativecom- torg and could also have an important function in reproductive fitness and nutrient provi-

mons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution,  sjon [1,2]. The importance of microbial communities in ticks derives from their associa-
and reproduction in any medium, provided the

original work is properly cited.  tion with increased or decreased colonization and transmission of virulent pathogens [3].

pathogenic microorganisms. These microorganisms may have a major role as efficient vec-
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This transmission occurs either directly through nutrient competition and induced/re-
duced immunity or indirectly by affecting tick viability, reproduction, and physical condi-
tion. Studies on the relationships between ticks, their vertebrate hosts, and their microbial
community (including endosymbionts and pathogens) have generally received minimal
attention; indeed, the role of tick endosymbionts in pathogen transmission has been stud-
ied in only a few bacterial and tick species [1]. However, additional research is necessary to
understand the functions of nonpathogenic microorganisms as their intracellular biologi-
cal cycle makes them difficult to isolate [1,2].

Microbial diversity in ticks is influenced by factors such as the environment (laboratory
or wild), species, instar, feeding state, collection season, geographic region, and presence of
pathogens [1]. In addition, several microorganisms have a transovarial transmission route,
where the maternal microbiota can serve as the first inoculum for developing eggs and lar-
vae. Copulation and the microbiota on the host skin may also contribute to this diversity [4].

White-tailed deer (Odocoileus virginianus) play a dual role in the survival and prolifera-
tion of ticks, serving as a preferred food source and as a transporting vehicle for ticks to lo-
cate their preferred habitat [5]. The intensive management of wild or semicaptive white-
tailed deer populations, which often share space with cattle in ranches, enhances hunting
income in game farms in northern Mexico but also increases zoonotic pathogen risks [6].
The main legal white-tailed deer-hunting farms are located on the border between the
United States and Mexico, through the Mexican states of Sonora, Chihuahua, Coahuila,
Nuevo Ledn, and Tamaulipas, and deer usually occupy the same pasture areas as cattle [7].
Therefore, infectious diseases can be shared since bacterial communities can be transmit-
ted from deer to cattle (or vice versa) and occasionally to humans [8].

Herein, a high-throughput sequencing approach was used to examine the bacterial mi-
crobiome of the digestive tract of ticks collected from O. virginianus in northern locations
of Mexico to assess the differences in microbiome diversity and abundance in ticks of dif-
ferent sexes, species, and study localities.

Materials and methods

Ethics statement

No ethical approval was required. All samples were collected from legally hunted animals
during the hunting season.

Tick collection and identification

Ticks were collected from 57 of 296 white-tailed deer during the legal hunting season (No-
vember 2018-February 2020) in 5 northern states of Mexico—Sonora (Son), Chihuahua
(Chih), Coahuila (Coah), Nuevo Leén (NL), and Tamaulipas (Tam)—by authorization from
the Ministry of Environment and Natural Resources of Mexico (Fig. 1). The geographical
coordinates of each ranch and municipality are described in Table 1 [9]. All tick collections
were made in collaboration with teams from Organizacién de Vida Silvestre [Wildlife Orga-
nization], whose staff accompanied hunters. Sterilized tweezers were used to remove ticks
from the most populated area on captured hosts in a 5-min period. Specimens were kept
alive until dissection or preserved in jars with 96% ethanol and processed in the Molecular
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Table 1. Ticks collected from white-tailed deer (Odocoileus virginianus) in 5 states located in northern Mexico

R. microplus D. nitens A. cajennense A. maculatum O. megnini Infested
Locality (Geographic coordinates) Lo
O. virginianus
F M F M F M F M Nymph

Salinas Victoria, Nuevo Leon 87 14 30 39 0 6 0 0 0 32
(26°7'59.88" N, 100°19'58.8" W)

Nuevo Laredo, Tamaulipas 17 0 0 0 0 0 0 0 0 6
(27°33'0" N, 99°47'59.9" W)

Muzquiz, Coahuila 10 0 27 5 0 0 0 2 0 8
(28°7'0.12" N, 101°46' 58.8" W)

Casas Grandes, Chihuahua 12 0 17 5 0 0 0 0 0 5
(30°23'44.99" N, 108°12' 30" W)

La Colorada, Sonora 0 0 0 0 0 0 0 0 19 6
(28°43'41"N, 110°26' 5" W)

Total 126 14 74 49 0 6 0 2 19 57

F, Female; M, Male.

Fig. 1. Geographic distribution of sampled ticks collected from white-tailed deer Odocoileus virgin-
ianus from 5 states north of Mexico country: 1) Nuevo Leon, 2) Tamaulipas, 3) Coahuila, 4) Chihua-
hua, and 5) Sonora.

and Experimental Pathology Laboratory of the Biological Sciences Faculty at the Autono-
mous University of Nuevo Ledn. Taxonomic identification was performed by morphology
under a 10 x to 40 x stereoscope (EZ4E, Leica Microsystem, Jalisco, Mexico) using pictorial
keys [10]. In total, 14 males and 126 females of Rhipicephalus microplus, 74 females and 49
males of Dermacentor nitens, 6 males of Amblyomma cajennense, 2 males of A. maculatum,
and 19 nymphs of Otobius megnini were obtained. One vial per tick species containing 2-10
digestive tracts was randomly selected for microbiome analyses according to sex and locality.
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DNA extraction

The external surface of the ticks was sterilized in 3% H,O, rinsed with 70% ethanol, and
subsequently rinsed three times in sterile saline solution for 1 min [11]. To collect the diges-
tive tract samples, the abdominal cuticle was sliced aseptically using sterilized forceps and a
disposable scalpel blade (size #11) under a stereoscope in a biohazard cabinet to avoid cross-
contamination. DNAzol (Molecular Research Center, Cincinnati, OH, USA) was used for
DNA extraction with the protocol previously modified in our laboratory [12], and then
quantified with a Nanodrop 2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) and
stored at -20°C. Molecular-grade water was used as a negative extraction control, and DNA
extraction steps were performed under the same conditions.

16S rRNA library preparation and Illumina MiSeq sequencing

Production of the 16S rDNA library, sequencing, raw read curation, and processing were
achieved using the ZymoBIOMICS service (Zymo Research, Irvine, CA, USA). In brief,
DNA samples were prepared for targeted sequencing using the Quick-16S NGS Library Prep
Kit (Zymo Research). Bacterial 16S primers amplified the V3-V4 region of the 16S rRNA
gene [13] in a quantitative real-time PCR (qPCR) thermocycler to control cycles and, there-
fore, limit PCR chimera formation. Positive and negative controls for qPCR quality assess-
ment were included during amplification. Final PCR products were fluorescence quantified
and pooled on the basis of equal molarity. The pooled library was cleaned using the Select-a-
Size DNA Clean & Concentrator Kit (Zymo Research) and then quantified using TapeStation
(Agilent Technologies, Santa Clara, CA, USA) and Qubit (Thermo Fisher Scientific,
Waltham, WA, USA). The final library was sequenced using Illumina MiSeq (Illumina, San
Diego, CA, USA) with 600 cycles of a v3 sequencing kit (2 x 250-bp paired-end reads). Se-
quencing was performed with >10% PhiX spike-in.

Bioinformatic analysis

Unique or distinctive amplicons were inferred from the raw reads and grouped into opera-
tional taxonomic units (OTUs) using the DADA?2 pipeline [14] after chimeric sequences
were removed. Taxonomy assignment was performed with UCLUST from QIIME v1.9.1.
using the Zymo Research. Database as a reference and the Greengenes 16S database Micro-
bial community diversity (Shannon diversity) was determined using QIIME v1.9.1 [15], and
Student’s ¢-test was performed to compare diversity among species, localities, and sexes.
SIMPER analysis was performed to determine the main families that contributed to the dis-
similarity in microbiome diversity among tick species. Principal coordinate analyses (PCoAs)
were performed on the basis of Bray—Curtis distances and visualized using three-dimension-
al plots in EMPeror (a part of QIIME). Taxonomies with significant abundance among dif-
ferent groups were identified via linear discriminant analysis effect size (LEfSe) using default
settings [16].

Quality controls
A Microbial Community DNA Standard (Zymo Research) and blank library preparation
samples were included as positive and negative controls, respectively.
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Results

A total of 296 deer were inspected at the studied locations, 57 (19.3%) of which were infested
with ticks. In total, 290 ticks were collected and identified into 5 different species or complex-
es: R. microplus, D. nitens, O. megnini, A. cajennense, and A. maculatum. Significantly more
(P<0.05) female ticks (200; 69%) were found than male ticks (71; 24.4%). Female ticks be-
longed only to R. microplus (from NL, Tam, Coah, and Chih) and D. nitens (from NL, Coah,
and Chih). All other ticks were males of A. cajennense and A. maculatum (6 and 2, respec-
tively), and 19 (6.5%) were nymphal stadia of O. megnini (Table 1).

The metagenomic dataset of this study provides information on the microbiome diversity
of the 5 collected tick species and a comparative analysis between sexes and among localities.
A total of 1,035,712 raw read sequences (R1+R2) were processed from the 14 samples to ob-
tain 537 unique OTUs, which were identified as observed species after trimming, removal of
chimeric sequences, and size filtration. Female R. microplus (Tam F) with full microbiome
profiles exhibited higher bacterial richness (number of observed species), with 86 final
unique sequences, followed by male A. cajennense (NL M), with 69 identified sequences
(Supplementary Fig. S1A), showing significant differences among them (Student’s t-test
P<0.007). When comparing between sexes per locality, a significantly higher richness was
only found in R. microplus females (NL F) than that in males (42 and 11 OTUs, respectively;
Student’s t-test P<0.001) (Supplementary Fig. SIB) (samples from Coah, Tam, and Chih in-
cluded only females and thus were excluded). Conversely, male D. nitens from the three dif-
ferent localities where this was found (Chih, NL, and Coah with 57, 32, and 19 OTUs, respec-
tively) showed a higher bacterial richness than that in females (18, 31, and 18 OTUS, respec-
tively) with significant differences due to specimens from Chih (57 OTUs) (Student’s t-test
P<0.0001) (Table 2; Supplementary Fig. S1C).

The rarefaction curve represents the alpha bacterial diversity (Shannon index, Fig. 2) and
bacterial richness at a depth of 4,000 sequences per sample. These results suggest sufficient

Table 2. Raw sequences and number of OTUs obtained from tick species collected from legal white-tailed deer game farms in 5 states

of northern Mexico

Tick species Locality/sex Raw sequences (R1+R2) Chimeric sequences No. of OTUs (identified species) SRA Accession no.

R. microplus Coah F 106,160 6,295 36 SRX18276467
TamF 89,234 313 86 SRX18276466
NLF 123,552 66 42 SRX17608462
NLM 45,656 0 11 SRX17608463
Chih F 69,886 1,828 30 SRX17608463

D. nitens Chih F 47,584 232 18 SRX18276468
Chih M 37,508 122 57 SRX18276469
NLF 91,710 1,204 31 SRX17608464
NL M 91,912 25 32 SRX17608465
Coah F 160,916 9,021 18 SRX17608466
Coah M 2,172 2 19 SRX17608467

A. maculatum Coah M 42,020 551 58 SRX17608468

A. cajennense NLM 32,838 1,016 69 SRX17608469

O. megnini SonN 94,564 16 30 SRX18275422
Total 1,035,712 20,691 537

M, Male; F, Female; N, Nymphs; Coah, Coahuila; Chih, Chihuahua; NL, Nuevo Leon; Son, Sonora; Tam, Tamaulipas.
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sequencing depth, as shown by plateauing of each sample, demonstrating that the sequenc-
ing captured most of the abundant bacterial species and that further sequencing would not
detect new haplotypes or bacterial species. Regarding the comparative diversity of the rar-
efaction measure among the tick species, the bacterial diversity (Shannon index) in A. ca-
jennense (5.26) was notably higher than that in the other samples, and the lowest diversity
was observed in O. megnini (1.9). The comparison of alpha diversity between sexes showed
similar results with those obtained with other measures of bacterial richness, where D. ni-
tens males (NL M) showed higher indexes than female ticks of all species, with the excep-
tion of a R. microplus female (NL F) (Fig. 2). Concerning the comparative analysis by locali-
ty, R. microplus (Tam) had the highest diversity (5.26), followed by D. nitens (NL) and R. mi-
croplus (NL) (4.75 and 4.55, respectively) (Fig. 2).

The class Gammaproteobacteria (phylum Proteobacteria) had the highest abundance in
almost all tick groups analyzed by locality and sex at 98.6%, 96.9%, 94%, 90.4%, and 86.8%
in D. nitens (Chih F), R. microplus (Coah F), D. nitens (Coah F), R. microplus (NL F), and O.
megnini, respectively, followed by Alphaproteobacteria (10.8% in R. microplus, Tam F, and
3.7% in O. megnini), and Betaproteobacteria (R. microplus, Tam F, with 5.5%). However, the
class Alphaproteobacteria had the highest abundance in A. maculatum (65.5%), followed by
Actinobacteria in D. nitens NL F and NL M (59.2% and 35.5%, respectively).

In R. microplus (NL M), the abundance of Proteobacteria reached 48.5%, whereas the
abundance of Firmicutes reached 24.6% in D. nitens (NL M) and 22.9% in A. cajennense
(NL M). The other minor phyla found in A. cajennense were Fusobacteria (2.8%) and Bac-
teroidetes (1.3%); more detailed information is provided in Fig. 3. The main bacterial or-
ders in most of the species were Thiotrichales (Gammaproteobacteria, 86.8% and 98.6% in

Alpha diversity refraction plot
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Fig. 2. Alpha diversity of the microbiome of female (F) and male (M) ticks Rhipicephalus microplus
(Rm), Dermacentor nitens (Dn), Amblyomma cajennense (Ac), A. maculatum (Am), and nymphs (N)
of Otobius megnini (Om) from Chiuahua (Chih), Coahuila (Coah), Nuevo Leon (NL), and Tamaulipas
(Tam). The refraction curve shows the Shannon index with the coverage of OTUs. Bars indicate
standard deviations (n=10, only in Am n=2).
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Fig. 3. Relative frequency of the microbiome composition in the ticks at phylum level by gender and locality of Rhipicephalus microplus,
Dermacentor nitens, Amblyomma cajennense, A. maculatum, and Otobius megnini. For abbreviations, see Fig. 2.
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Fig. 4. Relative frequency of the microbiome composition of ticks compared among female and male ticks of Rhipicephalus microplus
and Dermacentor nitens (NL) at the species level with the most abundant species identified in the ticks. For abbreviations, see Fig. 2.
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O. megnini and D. nitens, respectively); Rickettsiales (65.4% in A. maculatum); and Pseudo-
monadales (33.8% and 26.5% in A. cajennense and R. microplus, respectively) (Supplemen-
tary Table S1).

The relative frequency of the most abundant bacterial species identified could only be com-
pared between females and males of R. microplus and D. nitens from NL (Fig. 4) since only
male ticks of A. cajennense and A maculatum were collected while only nymphs were found
in O. megnini (Table 1). In male R. microplus, Mycobacterium abscessus, and Alishewanella es-
tuari were present at the highest relative abundance (30.0% and 14.4%, respectively), and in
female R. microplus, Acinetobacter Iwoffii had the highest relative abundance (58.6%), fol-
lowed by CLE (29.8%). Microbacterium hydrocarbonoxydans, Rhizobium cellulosilyticum, and
Acinetobacter johnsonii were the most predominant species (32.2%, 6.5%, and 3%, respective-
ly) in female D. nitens among the 31 OTUs found in their microbiome. The bacterial richness
of male D. nitens was higher than that of females (32 OTUs, Table 2), where the most abun-
dant species were FLE, Faecalibacterium sp., and Bacillus cereus (32.2%, 7.4%, and 6.4%, re-
spectively (Supplementary Table S2).

At the genus level of tick microbiomes, A. johnsonii (30%) accounted for almost a third of
the composition of the A. cajennense microbiome, being the most predominant, with Bor-
relia hermsii (0.4%) and Corynebacterium matruchotii (8%). CLE (21%), A. johnsonii (15.9%),
Enterobacter cloacae (11.2%), and A. Iwoffii (8.9%) had the highest relative abundance in R.
microplus, and FLE, A. johnsonii, CLE, and M. hydrocarbonoxydans constituted the top 4
species in D. nitens. Candidatus Endoecteinascidia frumentensis (87.2%) was the dominant
species in the microbiome of O. megnini. Furthermore, Midichloria massiliensis had the
highest relative abundance (65.4%) in A. maculatum (Fig. 5). SIMPER analyses showed the
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Fig. 5. The relative frequency of the most abundant bacterial species identified in the 5 ticks collected from the white-tailed deer.
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dissimilarity values between tick species and identified the microbiome bacterial species
that contributed to the differences (Table 2). The highest significant dissimilarities (>80)
were between O. megnini and A maculatum, D. nitens, A. cajennense, and R. microplus (Table
3). PcoA using Bray-Curtis dissimilarity (beta diversity) of the bacterial community re-
vealed that the first 2 axes (Pcol and Pco2) explained 22.41% and 25.49% of the variation in
the data, respectively. Thus, the samples of Dn Chih M, Dn Chih E Dn NL M, Dn NL E Rm
Coah E Rm Chih E and Am Coah M (rank of similarity 72-86%) clustered separately from
those of Rm NL E Rm Tam E and Ac NL M, demonstrating that the bacterial composition
of the 2 groups differed (Fig. 6). Raw sequence data are available in NCBI GenBank under
Bioproject PRINA88132 under accession numbers SRX18276467, SRX18276466,
SRX17608462, SRX17608463, SRX18276468, SRX18276469, SRX17608464, SRX17608465,
SRX17608466, SRX17608467, SRX17608468, SRX17608469, and SRX18275422.

Discussion

This study reports the microbial diversity of 5 tick species (R. microplus, D. nitens, A. cajen-
nense, A. maculatum, and O. megnini), ectoparasites of white-tailed deer from northern
Mexico. O. virginianus plays a crucial role as an alternative host for vectors that may carry
many human and animal pathogens of zoonotic importance, including numerous endo-
symbionts and commensals [17]. The density of ticks can be highly variable and depends

Table 3. SIMPER analysis between tick species. The 5 microbial families with the highest percentage of contribution are shown

R. microplus A. maculatum A. cajennense O. megnini
Taxon Contribution Taxon Contribution Taxon Contribution Taxon Contribution
(Family) (%) (Family) (%) (Family) (%) (Family) (%)

D. nitens average dissimilarity: 49.8 average dissimilarity: 72.9 average dissimilarity: 56.6 average dissimilarity: 91.8
Francisellaceae 235 Midichloriaceae 46.5 Francisellaceae 21.0 Thiotrichales 49.0
Enterobacteriaceae 10.7 Francisellaceae 15.8 Moraxellaceae 14.7 Francisellaceae 12.3
Coxiellaceae 9.61 Coxiellaceae 85 Coxiellaceae 1.3 Moraxellaceae 8.9
Moraxellaceae 854  Microbacteriaceae 4.5 Microbacteriaceae 6 Coxiellaceae 6.7
Microbacteriaceae 6.4 Corynebacteriaceae 34 Corynebacteriaceae 49 Microbacteriaceae 35

R. microplus average dissimilarity: 67.6 average dissimilarity: 52.4 average dissimilarity: 89.4

Midichloriaceae 50.5 Coxiellaceae 21.5 Thiotrichales 50.6
Coxiellaceae 16.2 Enterobacteriaceae 103 Moraxellaceae 13.9
Enterobacteriaceae 57 Corynebacteriaceae 9.6 Coxiellaceae 12.1
Moraxellaceae 48 Moraxellaceae 77 Enterobacteriaceae 57
Mycobacteriaceae 33 Staphylococcaceae 6.3 Mycobacteriaceae 22
A. maculatum average dissimilarity: 70.9 average dissimilarity: 92.8
Midichloriaceae 483 Thiotrichales 47.5
Moraxellaceae 10.2 Midichloriaceae 35.6
Corynebacteriaceae 7.3 Moraxellaceae 9.6
Staphylococcaceae 6.05  Enterobacteriaceae 1.2
Streptococcaceae 45 Pseudomonadaceae 0.9
A. cajennense average dissimilarity: 90.3
Thiotrichales 50.2
Moraxellaceae 18.1
Corynebacteriaceae 56
Staphylococcaceae 44
Streptococcaceae 3.6
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Fig. 6. Plot of beta diversities of the microbiomes of Rm (Coah and Chih), Dn (Chih and NL), and
Am (Coah); clustered separately from Rm NL F, Rm Tam F, and Ac NL M. Principal coordinates (PCo1
and PCo2) depicting differences in the taxonomic composition of the bacterial communities
based on Bray—Curtis indices. The samples inside the ellipses are clustered separately from the re-
maining groups(95% confidence intervals).

on the season when they are collected and the geographical location and age of the ungu-
late hosts [18]. Herein, 4 tick species were found as adults, except O. megnini, which is only
parasitic in its nymphal stadium [19]. Three species of ticks were previously reported in O.
virginianus in the United States: A. maculatum, R. microplus, and D. nitens [20] while O.
megnini and A. cajennense are described here for the first time from northern Mexico.

The bacterial microbiome of ticks from white-tailed deer was dominated by the phylum
Proteobacteria, followed by Actinobacteria, Firmicutes, and Bacteroidetes, similar to the mi-
crobiome reported in R. microplus from livestock in Antioquia [21] since R. microplus is the
tick species most commonly found infesting cervius, O. v. yucatanensis [22]. No publications
have described the bacterial diversity of D. nitens, A. cajennense, A. maculatum, or O. megnini
specifically infesting O. virginianus, which indicates that this is the first study on this topic.

The dominant eubacterial families identified included Moraxellaceae with the genus Aci-
netobacter, which has been characterized as a soil and environmental microorganism re-
ported in tick species, such as Ixodes scapularis, Haemaphysalis flava, A. americanum, and
D. niveus [23]. Acinetobacter johnsonii was observed as a common bacterial species in the
microbiome of all 5 tick species analyzed and was most frequently observed in R. microplus
(Coah E, 85.8%), followed by D. nitens (Coah E 60.7%), A. cajennense (30%), R. microplus
(Chih E 25.4%), A. maculatum (15.6%), and D. nitens (Chih 1.2-4.3%). In addition to A.
johnsonii, A. leoffii was also highly prevalent and was found in R. microplus, in the Ambly-
omma complex (15.6-30%), in D. nitens (1.2-4.3%), and at the 0.5% baseline in O. megnini.
The presence of Acinetobacter in ticks is considered to indicate microbiome dysbiosis be-
cause of increased colonization of this microorganism, suggesting that Acinetobacter may
have an important role in the microbiome in decreasing tick susceptibility to environmen-
tal pollutants [24]. Members of the families Coxiellaceae and Francisellaceae with endosym-
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bionts of the genera CLE and FLE were observed in R. microplus and D. nitens as previous-
ly described [25] in wild ticks from India, horse ticks, and livestock ticks from China [26].
Functional studies have shown that CLE contributes to tick biology by affecting reproduc-
tive fitness and molting [27]. Many Coxiella species have been recorded as endosymbionts
in ticks; for example, in Amblyomma, their presence in the salivary glands alters the trans-
mission of Ehrlichia chaffeensis [28]. Coxiella burnetii is considered an important pathogen
of vertebrates and could be an exception within the genus, although the pathogenic poten-
tial remains under investigation [29]. The bacterial microbiome of D. nitens contained a
member of the family Francisellaceae [25]. An association between FLE and Dermacentor
ticks has been demonstrated, and FLE survive because of transovarial transmission, al-
though both FLE and CLE could have an ancestral origin from an infected vertebrate host
[25,26].

Our results revealed that the order Rickettsiales was the most predominant in the micro-
biome of A. maculatum, with many endosymbionts and reported the presence of M. mas-
siliensis (65.4%) for the first time; M. massiliensis is considered a nonpathogenic species
and has been identified in I ricinus [30]. The bacterial community of O. megnini mainly
comprised the endosymbiont Candidatus E. frumentensis (87.2%) in the nymphal stadi-
um, which had not been previously reported in ticks; indeed, this is the first study to char-
acterize the microbiome of O. megnini and to report the presence of Candidatus E. fru-
mentensis. Midichloria massiliensis showed the highest relative abundance (65%) in the
microbiome of A. maculatum. The high abundance of endosymbionts such as Candidatus
Midichloriaceae mitochondrii, which has been documented to limit next-generation se-
quencing efficacy in arthropods by masking less abundant bacteria, including pathogens
[31], could explain the low rarefaction index in our results.

Herein, greater bacterial richness and diversity (Shannon index) were observed in most
male ticks (D. nitens) than in female ticks, whereas the opposite was observed in R. microp-
lus, suggesting that the microbiome diversity is affected by sex. In R. microplus, A. Iwoffii
(58.6%) and CLE (29.8%) were observed only in females (NL), whereas M. abscessus (30%)
and A. aestuarii (14.4%) were found in males. In D. nitens, M. hydrocarbonoxydans (32.2%)
and R. cellulosilyticum (6.5%) had the highest relative frequency in females (NL) since FLE
and Faecalibacterium sp. were the most predominant species in males (32.2% and 7.4%, re-
spectively; Supplementary Table S2). These results agree with those of a report on male I.
scapularis where males showed a higher microbiome diversity than females [32]. However,
in ticks, the composition of endosymbionts can fluctuate according to the geographic re-
gion, morphological state, and feeding period when they are collected as described for fe-
male R. microplus from Pecari tajacu in Peru, which showed greater bacterial richness and
diversity [33].

The greatest contribution to the differences between O. megnini and the other tick
groups were the bacterial species belonging to Thiotrichales, Midichloriaceae, Moraxella-
ceae, and Francisellaceae. The genera FLE and CLE had a higher relative load with a major
contribution to SIMPER, which may be explained by a role similar to that reported for
Rickettsia [34] since these bacteria are vertically inherited via transovarial transmission
[35]. Their efficiency may be related to the degree of infection within the tick since “mass-
infected” ticks universally produce infected offspring and “mild infections” that cause vari-
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able rates of transovarial transmission [36], which is an advantageous adaptation for mi-
croorganisms that use this type of transmission [34].

A comparison of the microbiomes of R. microplus and D. nitens among localities identi-
fied differences in microbial community composition that could be due to geographic re-
gion and environment [1]. However, of the various environmental microbiota that ticks
can access, only a few become “bona fide” microbiome members [4].

In conclusion, we report the microbiome of 5 tick species (R. microplus, D. nitens, A. ca-
jennense, A. maculatum, and O. megnini) infesting O. virginianus. Female ticks of R. micro-
plus (Tam F) with full microbiome profiles exhibited the highest bacterial richness (86
OTUs) followed by that of males of A. cajennense from NL (69 OTUs), whereas males of R.
microplus (NL) exhibited only 11 OTUs. The bacterial diversity (Shannon index) in A. ca-
jennense (5.26) was notably higher than that in the other samples, and the lowest diversity
was observed in O. megnini (1.9). The class Gammaproteobacteria had the highest abun-
dance in almost all tick groups analyzed by locality and sex; however, the class Alphapro-
teobacteria had the highest abundance in A. maculatum. At the species level, A. johnsonii
and A. Iwoffii were the most dominant bacterial species in the microbiome of all analyzed
ticks. In the bacterial communities of A. maculatum and O. megnini, Candidatus Midichlo-
ria massiliensis, and Candidatus E. fumentensis were the most predominant endosymbi-
onts. This is also the first study to characterize the microbiome of O. megnini.
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