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Summary

Background The family Anaplasmataceae, reclassified under the order Rickettsiales, represents a highly complex
group that poses an increasing global threat. However, their infection risk remains poorly understood. We aimed to
map the diversity, distribution, and potential infection risk of Anaplasmataceae members.

Methods We searched PubMed, Web of Science, bioRvix, and MedRvix for published articles to extract data on the
detection of Anaplasmatacea species in vectors, animals, and humans from 1910 to 2022. We mapped the richness
and global distribution of identified Anaplasmatacea species. Machine learning algorithms were applied to determine
the ecological and vector-related factors contributing to the occurrence of major Anaplasmatacea members and
project their potential risk distributions.

Findings A total of 2605 studies meeting our inclusion criteria were used for data extraction. We identified 85 species of
Anaplasmataceae family from 134 tick species, 312 wild animals, and 12 domestic animals. Anaplasma phagocytophilum
had the widest range of vectors (97 species), followed by Anaplasma marginale (54 species), Anaplasma bovis (46 species),
Anaplasma ovis (37 species), and Anaplasma platys (35 species). Aanaplasma phagocytophilum was also detected in the
widest range of wildlife (208 species), followed by Ehrlichia chaffeensis (46 species), Candidatus Neoehrlichia mikurensis
(36 species), Ehrlichia canis (35 species), and A. bovis (32 species). In total, 52,315 human cases involving 15 Ana-
plasmataceae species were recorded, A. phagocytophilum and E. chaffeensis accounted for majority of human infections
(66-5% and 32-4%, respectively). According to our modelling analysis, the geographic distribution of six major
Anaplasmatacea species is primarily influenced by the projected habitat suitability index of tick vectors and climatic
conditions. Among these, A. phagocytophilum presents the highest risk, with an estimated 3-97 billion individuals and
8-95 million km? area potentially affected.

Interpretation The widespread distribution of Anaplasmataceae species emphasizes the need to enhance identifica-
tion, surveillance, and diagnosis efforts in high-risk areas, particularly within low-income regions.
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Research in context

Evidence before this study

On Dec 31, 2022, we conducted a comprehensive literature
search on PubMed, Web of Science, bioRvix, and MedRvix, to
identify all studies concerning members of the family
Anaplasmataceae since the inception of databases. The
search used the following terms: (“Anaplasmataceae” OR
“Anaplasma” OR “Ehrlichia” OR “Neorickettsia” OR “Wolbachia”
OR “Aegyptianella” OR “Candidatus Neoehrlichia” OR
“Candidatus Xenohaliotis” OR “Candidatus Allocryptoplasma”
OR “Candidatus Mesenet” OR “Candidatus Neowolbachia” OR
“Candidatus Xenolissocinum”) AND (“spatial” OR
“distribution”), with no restrictions on language or
publication date. Of 3730 studies identified, 873 focused on
the detection of Anaplasmataceae members in animals,
vectors, and/or humans; 2805 were related to experimental,
genomic, or mechanism studies; 52 described the spatial
distribution of Anaplasmataceae members. Among these 52
spatial distribution studies, 46 addressed the geospatial
distribution of Anaplasmataceae members within specific
countries or smaller regions, three covered multiple
countries, and the remaining three presented meta-analyses
of the global distribution of Anaplasma phagocytophilum.
Notably, among these 52 spatial distribution studies
reviewed, seven focused on ecological modelling analysis at
the national scale, five used the Bayesian spatio-temporal
models to predict the prevalence of Anaplasma or Ehrlichia
species in the United States, incorporating climatic,
geographic and socio-economic variables. Additionally, two
studies separately applied logistic regression models to
estimate the distribution of Ehrlichia chaffeensis and

A. phagocytophilum in the United States based on ecological
factors. To date, no study has provided a comprehensive
quantification of the global risk associated with infections
caused by Anaplasmataceae members.

Introduction

The family Anaplasmataceae is a major group of obli-
gate intracellular bacteria carried and potentially
transmitted by arthropod vectors, mainly ticks. The
recent reclassification of the family Anaplasmataceae
within the order Rickettsiales has expanded to
encompass all species of the Alphaproteobacteria
presently contained in the genera Anaplasma, as well as
genera Ehrlichia, Wolbachia, Neorickettsia, and Candi-
datus Neoehrlichia, etc., that accurately reflects their
phylogenetic positions." The Anaplasmataceae mem-
bers exhibit a wide distribution and can infect a diverse
range of wild and domestic animals.” They have been
detected in a variety arthropod vectors, such as ticks,
mosquitoes, fleas, lice, and mites, which may be
potential vectors of Anaplasmataceae species.” Despite
being prevalent in natural environment, human
infections with Anaplasmataceae species are currently

Added value of this study

In this study, we conducted an exhaustive review of all
published articles to extract data on the detection of
Anaplasmataceae members in vectors, animals, and humans
during the period from Jan 1, 1910 to Dec 31, 2022. A total of
85 species belonging to the Anaplasmataceae family were
identified in 134 tick species, 312 wild animals, and 12
domestic animals. Among these, 15 species were determined
to cause human infections. Among all 85 Anaplasmataceae
members, A. phagocytophilum was detected in the largest
number of both tick and animal species and was associated
with the highest number of reported human cases. We
conducted a comprehensive analysis of the global spatial
distribution of reported locations for various arthropod
vectors carrying Anaplasmataceae members, as well as 85
confirmed pathogens or endosymbionts. Using machine-
learning models, we assessed the influence of potential
environmental, ecoclimatic, biological, and socioeconomic
factors on the spatial distributions of the six major
Anaplasmataceae members. Additionally, we predicted areas
and population sizes at potential risk of infection by these
species. Our findings indicate that the habitat suitability index
for vector ticks was the most significant contributor to this
predicted effect, followed by climatic factors.

Implications of all the available evidence

This study provides a comprehensive and up-to-date picture
of the global distributions of members of Anaplasmataceae
family. The potential risk areas for six major Anaplasmataceae
members are more extensive than previously reported,
highlighting the necessity for enhanced surveillance of
Anaplasmataceae infections. Overall, our findings may help
guide the diagnosis, surveillance, and control of
Anaplasmataceae species infections in potential high-risk
areas and resource-limited countries.

under-monitored, with most cases reported in developed
regions like Europe and the United States.*’

Recent advancements in molecular technologies
have facilitated the classification of Anaplasmataceae
species, and led to the discovery of new members within
this family."*"" In recent years, new species, such as
Candidatus Anaplasma cinensis, Candidatus Anaplasma
boleense, and Candidatus Anaplasma gabonensis have
been detected in vectors and animal hosts across
developing countries in Africa and Asia."*"* Candidatus
Anaplasma sparouinense, a new human pathogen
within the genus Anaplasma, has caused infections
among humans living in rainforest of French Guiana."
These findings called attention to the Anaplasmataceae
species in diminishing human health.

Due to limited surveillance efforts, the prevalence of
Anaplasmataceae species infections remains unclear.”
Previous meta-analyses have primarily focused on
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estimating the prevalence of specific species such as
A. phagocytophilum, Candidatus Neoehrlichia mikur-
ensis, and Anaplasma capra in vectors, animals, or
humans. These studies have provided valuable insights
into particular members of the Anaplasmataceae family
within specific geographic regions.”"*'* However, there is
currently a notable lack of systematic global-level
analyses of Anaplasmataceae family following its reclas-
sification, which has hindered niche modelling and risk-
assessment for predicting undetected infections.

In this study, we conducted a comprehensive review
of up-to-date data on Anaplasmataceae species from
1910 to 2022. Based on this data review, we performed a
global mapping to determine the spatial distribution of
these species in vectors, animals, and humans. By uti-
lizing multiple machine-learning algorithms, we aimed
to predict the ecological niches for major vectors and
potential distribution of major Anaplasmataceae
species.

Methods

Literature search

We conducted a systematic literature search on
PubMed, Web of Science, MedRvix, and bioRvix data-
bases for published studies or reports from January 1,
1910 to December 31, 2022 without any language re-
strictions. The protocol followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (PRISMA Checklist), and has been
registered with PROSPERO, an international prospec-
tive register of systematic reviews (CRD42023477378)
(further detailed in Appendix 1 Supplementary
Table S1). The search included Anaplasmataceae spe-
cies infections in vectors, animals, and humans, and
clinical information about human cases using specific
terms in the title and abstract: “Anaplasmataceae” OR
“Anaplasma” OR “Ehrlichia” OR  “Neorickettsia” OR
“Wolbachia” OR “Aegyptianella” OR “Candidatus Neo-
ehrlichia” OR “Candidatus Xenohaliotis” OR “Candida-
tus Allocryptoplasma” OR “Candidatus Mesenet” OR
“Candidatus Neowolbachia” OR “Candidatus Xen-
olissocinum”, and the detailed search strategies are
given in Appendix 1 Supplementary Table S2. Further-
more, the identical search terms were used to search
GenBank database, thereby including all uploaded se-
quences and relevant studies that might have been
missed during the literature review.

Inclusion and exclusion criteria

The inclusion criteria for the study were established
based on the Population, Exposure, Comparator, and
Outcomes (PECO) framework. Specifically, the target
populations include vectors, animal hosts, and human
subjects. The diagnosis methods selected for this study
include molecular detection, microscopy, and serolog-
ical testing. The outcome comprises the detection
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results of Anaplasmataceae species in vectors, animals,
and humans. Briefly, studies on Anaplasmataceae spe-
cies detected in vectors, animals, or humans with clear
test methods and occurrence locations were included.
The following types of studies were excluded: reviews,
symposia, oral presentations, opinion, and editorial
articles; drug or vaccine trails; modelling analysis of the
transmission dynamics of Anaplasmataceae species;
transstadial transmission research in vectors; clinical
trial of infection in animals; mechanistic research at the
molecular level for Anaplasmataceae species; and
studies where test methods or geographic information
were not specified or ambiguously described. More de-
tails regarding the inclusion and exclusion criteria are
given in Appendix 1 Supplementary Table S3. Infection
with Anaplasmataceae species was determined based on
the following criteria: (I) Detection through PCR or
sequencing, isolation, or morphology identification un-
der microscope examination in humans, vectors, or
animals; (II) A four-fold increase or seroconversion in
the titre of specific antibodies in blood sera from acute
phase to convalescent phase in clinically diagnosed pa-
tients with Anaplasmataceae species infection
(Appendix 1 Supplementary Table S4). To obtain a more
comprehensive understanding of the distribution and
prevalence of Anaplasmataceae species, positive sero-
logic test results in animals were also included.

In addition, given that 16S rRNA is not an sufficiently
informative marker for species identification within
Anaplasmataceae family, and to further enhance the
reliability of modelling analysis results, thereby we reva-
lidated all included articles using molecular assays and
excluded data derived from serological tests, pathogen
isolation, microscopic examinations, and studies that
merely referenced molecular tests without specifying
gene fragments or relied solely on 16S rRNA fragments
in the modelling analyses. Finally, data explicitly
providing gene fragments for molecular testing and re-
sults utilizing 16S rRNA fragments in conjunction with
other fragments (e.g., msp, dsb, etc.) were incorporated
into the subsequent phase of modelling analyses.

Data extraction

All relevant articles were exported to EndNote version 19
(Clarivate, Philadelphia, PA, USA). After removing du-
plicates, two authors (XBH and JJC) independently
conducted the initial screening of titles and abstracts.
They subsequently reviewed the full texts and extracted
data from the eligible articles. Any disagreements were
resolved through discussions with a third author (TT).
For each eligible study, we extracted data on 15 vari-
ables, which were categorized into five groups: literation
information, laboratory testing method, basic informa-
tion of Anaplasmataceae members, testing information
of Anaplasmataceae species in vectors and animals, and
testing information of Anaplasmataceae species in
humans (Appendix 1 Supplementary Table S5).
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Clinical spectrum of Anaplasmataceae species

For Anaplasmataceae species with >10 human cases
that have reported symptoms, we extracted clinical data
from the database. For each pathogenic Anaplasmata-
ceae species, the frequency of each symptom was
recorded. Given that common symptoms are more likely
to be reported while rarer ones may be underreported or
overlooked, unreported symptoms were estimated using
two approaches: (I) recorded as zero, assuming the
symptom is absent; (II) recorded with the same fre-
quency as the minimum level among all the reported
symptoms. By applying this strategy, we obtained a
lower bound and an upper bound on the frequency of
each symptom for each Anaplasmataceae member.
Symptoms with a lower bound frequency of 30% or
higher were defined as major symptoms.

Assembling occurrence data and covariates
Ecoclimatic, environmental, and biological variables
have been extensively used to predict the distribution of
tick species and the risk of tick-borne diseases. To bal-
ance the global data availability and their priori impor-
tance in predicting the occurrence probabilities of
Anaplasmataceae species, we have pre-confirmed po-
tential associations between the occurrence risk of
Anaplasmataceae species infection and these variables
(Appendix 1 Supplementary Table S6). In this study, we
included a total of 44 variables previously associated
with tick-borne pathogen infections into our modelling
analysis. These variables encompassed 19 ecoclimatic
factors, 15 environmental factors, seven biological fac-
tors, and three socioeconomic factors (Appendix 1
Supplementary Tables S7-S9).

We created a global grid-map with a resolution of
10 km*10 km resolution using ArcGIS 10-7 (Esri Inc,
Redlands, CA, USA) for subsequent modelling analyses
and then associated each cell with ecological
variables.”?' The map in raster format was summarized
into a processable data format at the study level based on
the grid-map, and the R package “Raster” was used for
resampling in order to change the resolution of raster
data. Mean values for each variable were calculated for
every cell within the grid map.

The occurrence of Anaplasmataceae members was
classified as either point or polygon occurrences based
on geocoordinates availability. Each occurrence was
matched to the grid-map according to its coordinates.
For a polygon occurrence record, we assigned the grid
containing the centroid of the polygon as the occurrence
grid. To minimize potential ecological fallacy, we first
excluded all huge polygon occurrence records from
ecological modelling due to insufficient resolution.”*
For polygon occurrence records with an area no larger
than 900 km?, we calculated the mean of each ecological
variable across all grids within the polygon and associ-
ated the mean value with the occurrence grids, that was,
the grids containing the centroid of the polygon.”****

Geo-localization of occurrence data for
Anaplasmataceae species

For each Anaplasmataceae species, an occurrence was
defined as one or more confirmed infection(s) at a
unique location (geo-coordinates, polygons), regardless
of the type of the hosts or the time of detection. To gain
the locations of Anaplasmataceae species occurrences,
we extracted the geo-coordinates from peer-reviewed
articles reporting Anaplasmataceae species occurrences
as point occurrence. When point information was not
available, we extracted the smallest area unit (county,
city or province) as polygon occurrence. For each poly-
gon occurrence, the coordinates of its geographic
centroid were queried from Google Maps. Results from
serological testing in humans and animals were
excluded from the modelling analyses due to potential
cross-reactivity between Anaplasmataceae species. The
occurrence data of details of the Anaplasmataceae spe-
cies prior to and after molecular validation were detailed
in Appendix 1 Supplementary Tables S10, S11. Finally,
we identified six major members of the family Ana-
plasmataceae for the next step in the modelling analysis
based on >80 occurrence sites within an area <900 km?,
including A. phagocytophilum, Candidatus N. mikur-
ensis, Ehrlichia canis, Anaplasma platys, A. ovis, and
Anaplasma marginale, which have taken into account
both the requirement of a minimum number of positive
samples (e.g., 50-100) necessary for machine learning
models and the data loss resulting from different area
thresholds applied to polygon occurrence data.

Niche modelling of the main tick species

In the first stage, a meta-analysis estimated the preva-
lence of six major species in tick species using molec-
ular tests. Data from individual tick test were included
instead of tick pools due to inconsistency of pooling
methods. Ticks that met simultaneously met the criteria
of greater than 100 test positives, greater than 2-0%
positive rate, and greater than 2 reported articles as the
dominant tick species of the major Anaplasmataceae
species. Based on the results of meta-analysis, we
identified eight dominant vector ticks of six Ana-
plasmataceae members (Ixodes scapularis, Ixodes pacif-
icus, Ixodes persulcatus, Ixodes ricinus, Haemaphysalis
longicornis,  Dermacentor ~marginatus, Rhipicephalus
microplus, and Rhipicephalus sanguineus) (Appendix 1
Supplementary Table S12; Appendix 4).

In the second stage, the habitat suitability index
(HSI) was calculated for each of the eight tick species.
For five previously studied species (I. scapularis, I.
pacificus, I. persulcatus, I. ricinus, and Ha. longicornis),
records were directly extracted to create tick distribution
datasets.*** For the remaining three tick vectors
(D. marginatus, Rh. microplus, and Rh. sanguineus), an
extensive literature search was performed between 1980
and 2023 following the same protocol as that applied for
the five tick species using Web of Science and PubMed.
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Geographic coordinates from included studies along
with supplementary data from Global Biodiversity In-
formation Facility database were merged by using the
time of investigation (Appendix 1 Supplementary
Table S13; Appendix 2). Then a case—control dataset
was established for each specific tick,** and a boosted
regression trees (BRT) model was fitted to predict the
occurrence probability for each tick species,” by using
environmental, ecoclimatic and biological variables as
predictors.” The HSI for each tick species was esti-
mated as the average probability of each cell.**** The
synthesized HSI for a cell with multiple tick species
serving as potential carriers of a pathogen was estab-
lished by selecting the maximum HSI value among
these tick species. For example, in a cell where
A. phagocytophilum had more than one vector tick spe-
cies (L. ricinus, 1. scapularis, I. pacificus, I. persulcatus, and
Ha. longicornis), the highest HSI value among these
vectors was chosen as the final HSI included in the
niche modelling analysis of A. phagocytophilum. While
for the other three major species, only a single major
vector tick species was considered, i.e., I. ricinus for
Candidatus N. mikurensis, D. marginatus for A. ovis, and
Rh. microplus for A. marginale.

To avoid introducing additional ecological bias to the
niche modelling of Anaplasmataceae species, we per-
formed internal and external validation to the predicted
HSI for each tick species. The internal validation was
evaluated the robustness of the model itself by calcu-
lating the relative uncertainty of the predicted distribu-
tion for each tick species. The relative uncertainty for
each grid was computed as the ratio of the 95% uncer-
tainty intervals to the predicted suitability. External
validation was performed by the occurrence grids after
2020, which used to calculate predictive accuracy, i.e.,
the probability these occurrence grids appeared within
suitable habitats predicted by the models.

Niche modelling of the major Anaplasmataceae
species
To explore the relationship between the risk of major
Anaplasmataceae species occurrences and ecoclimatic,
environmental, biological, and socioeconomic variables,
three machine-learning models, including BRT, random
forest (RF) and least absolute shrinkage and selection
operator (LASSO) logistic regression, were performed
and compared to obtain the best predictive performance.
The optimal method was determined through 10-fold
block cross-validation base on Area Under Curve
(AUC, area under the receiver operating characteristic
curve that measures a classification model’s perfor-
mance by plotting the true positive rate against the false
positive rate) metric to make final modelling predictions
(Appendix 1 Supplementary Figure S22).

We constructed an assembly of 100 models for each
of the three methods described above. The Relative
Contributions (RCs) of all predictors and the AUCs for
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the test sets were averaged across the 100 models within
the assembly to represent the final estimation results
and predictive performance. We identified the optimal
algorithm based on the highest average test AUC to map
the potential distribution of Anaplasmataceae species.
To determine high-risk areas as predicted by the
model for each Anaplasmataceae species, we chose a
cut-off value that maximizes the sum of sensitivity
and specificity along the average ROC curve derived
from the assembly of the chosen algorithm.”*** Grids
with an average predicted probability (across the 100
models) exceeding the cut-off value were classified as
high-risk areas for the presence of the corresponding
Anaplasmataceae species. For each Anaplasmataceae
species, we quantified both the area and population
size within these high-risk areas as predicted by the
models. To evaluate the influence of different selec-
tion thresholds for polygon occurrences on niche
modelling analysis, we conducted a comparative
analysis of the performance using thresholds of
100 km?, 400 km?, and 900 km?. The comparative
analysis indicated that 400 km? was an appropriate
threshold for polygon occurrences (Appendix 1
Supplementary Table S23).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, finding interpretation, or
writing of the paper.

Results

Our search strategy identified a total of 15,233 studies,
with 2605 unique studies meeting the eligibility
criteria and included in this analysis (Fig. 1). The first
documented Anaplasmataceae species, A. marginale,
was reported in 1910.% By the end of 2022, a total of
85 Anaplasmataceae species had been identified, with
the majority (53 species, 62-4%) discovered within the
last decade. This surge in discoveries has also led to
an increase in studies focussing on infections in an-
imals and vectors (Fig. 2a and b). Anaplasmataceae
species infections were most frequently reported from
animals, followed by vectors and humans (Fig. 2c).
Fifteen Anaplasmataceae species infected humans
(Fig. 2d), among them, A. phagocytophilum was most
frequently reported (in 1264 papers), followed by
E. canis (518 papers), A. platys (276 papers),
E. chaffeensis (257 papers), and A. ovis (150 papers)
(Appendix 1 Supplementary Table S14).

Overall, 29 out of the 85 (34-1%) determined Ana-
plasmataceae species were associated with multiple
hosts, including 15 linked to both arthropod vectors and
animals, two linked to both animals and humans, 12
linked to all three types of hosts. The others were
exclusively detected in animals, arthropod vectors, or
humans (Fig. 2d).
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25604 studies identified from:
PubMed:10461

Web of Science:14302
bioRvix and medRvix:542
Genbank:299

15233 studies screened by title and
abstract

Duplicate studies removed (n=10371)

Excluded (n=11538)

Criteria:

Anaplasmaceae pathogens were not included (n= 4191)
Primary focus on molecular level research (n= 4837)

3695 full-text studies assessed for
eligibility

* Transstadial transmission research in vector (n=1247)
Drug or vaccine trail (n= 494)

Reviews (n= 269)

Laboratory infection (n= 393)

Transmission dynamics of pathogens (n= 107)

Excluded (n=1090)

Criteria:

Anaplasmaceae pathogens, animals, and vectors were
not at species level (n= 420)

\

2605 studies selected

Other studies (Drug or vaccine trail/ molecular research/
transstadial transmission research/ reviews/

laboratory infection) (n= 317)

Detection method was unspecific (n= 314)

No mention of geographic location information (n= 39)

|

|

1457 studies
about infection
investigation in
animals

634 studies
about infection
investigation in
vectors

336 studies

humans

about infection
investigation in

178 studies
about multiple
research

Fig. 1: The flow diagram of literature review.

A total of 187 arthropod species, including 123
documented to bite humans, were found to be infected
with 52  Anaplasmataceae members (Fig. 3;
Appendix 1 Supplementary Table S15). Ticks (134
species) were the most predominant, with four soft
tick species from two genera carrying eight species,
and 130 hard tick species from six tick genera har-
bouring 46 species. Ixodes ticks hosted the highest
number of Anaplasmataceae species (25 species), fol-
lowed by Rhipicephalus (24 species), Haemaphysalis (21
species), Amblyomma (18 species), Hyalomma (15
species), and Dermacentor (12 species). Considering
both the number of human-biting tick species and
their pathogenicity, Ixodes ticks posed the highest risk in
potentially transmitting Anaplasmataceae species, with
23 human biting species carrying ten Anaplasmataceae

members. Eighteen species of Rhipicephalus carry nine
Anaplasmataceae species; 17 species of Amblyomma carry
ten members of Anaplasmataceae. In addition to ticks,
flies and sandflies also carry Anaplasmataceae members
(15 species each) (Fig. 3; Appendix 1 Supplementary
Figures S1, S2).

Anaplasmataceae species infections were reported in
totally 312 wildlife species and 12 domestic animal
species (Fig. 3). The order Rodentia hosted the highest
number of Anaplasmataceae species (n = 19), followed
by Artiodactyla (n = 16), and Carnivora (n = 14). Live-
stock animals harbour a total of 36 Anaplasmataceae
species, with goats and sheep having the largest number
of detection (both 18 species), followed by cattle (n = 16),
dogs (n = 15), and horses (n = 11) (Fig. 3; Appendix 1
Supplementary Figure S3).
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Fig. 2: Publications on Anaplasmataceae species infections in animals, vectors, and humans from 1910 to 2022. (a) Annual number of
publications stratified by host type; (b) Number of newly identified Anaplasmataceae members per year; (c) Total number of publications on
Anaplasmataceae species detected in vectors, animals, and humans; (d) Chord diagram illustrating the relationship between Anaplasmataceae
species and host types. Panels a and ¢ present the distribution of literature categorized by host type, while panels b and d indicate the detection

and distribution of Anaplasmataceae species across different hosts.

Multiple Anaplasmataceae species were identified in a
variety vectors, with A. phagocytophilum having the
broadest range of vectors (97 vector species, including 81
tick species), followed by A. marginale (54 vector species,
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including 40 tick species), Aanplasma bovis (46 vector
species, including 43 tick species), A. ovis (37 vector spe-
cies, including 33 tick species), A. platys (35 vector species,
including 28 tick species), E. canis (28 vector species,
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Fig. 3: Vectors and numbers of animal species from which each Anaplasmataceae species was detected. The column headers indicate the
total number of distinct host species that harbour various Anaplasmataceae species within each host category, with specific counts provided in
parentheses. The numbers in the matrix present the total number of host species harbouring each specific Anaplasmataceae species. Vectors
include tick, fly, sandfly, mosquito, louse, flea, mite, bee, and bug, with ticks further classified by genus. Animals include wildlife and domestic
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including 27 tick species), and E. chaffeensis (26 tick spe-
cies) (Fig. 3; Appendix 1 Supplementary Table S16).
Coinfections of two or three Anaplasmataceae species
(mainly involving A. phagocytophilum and E. chaffeensis)
were documented in 12 vector species (Appendix 1
Supplementary Table S17). Anaplasma phagocytophilum
was also detected in the widest range of wildlife (208
species), followed by E. chaffeensis (46 species), Candidatus
N. mikurensis (36 species), E. canis (35 species), and
A. bovis (32 species) (Fig. 3; Appendix 1 Supplementary
Table S16). A host specificity was observed, with
A. phagocytophilum and Candidatus N. mikurensis mainly
detected in wild animals, while A. marginale, E. canis,
A. ovis, and A. platys mainly detected in cattle, dog, sheep,
and dog respectively (Appendix 1 Supplementary
Table S18).

A total of 52,315 human cases of Anaplasmataceae
species infection was reported worldwide, with the
majority (41,231 cases) confirmed by molecular assays
(Appendix 1 Supplementary Table S19). Infection with
A. phagocytophilum and E. chaffeensis accounted for
66:5% (34,796/52,315) and 32-4% (16,961/52,315) of
overall cases, respectively, followed in number by Candi-
datus N. mikurensis (160 cases), Ehtlichia muris (139
cases), E. canis (123 cases), and Ehrlichia ewingii (71 cases).
We analysed clinical symptoms of 7070 patients infected
with eight pathogens. For A. phagocytophilum infection,
fever (89-6-89-7%) and myalgia (85-7-86-4%) were the
predominant symptoms. Similar flu-like and gastrointes-
tinal symptoms were observed in E. chaffeensis infection
and E. canis infection. A higher proportion of A. capra and
E. canis cases showed rash as a symptom, whereas
arthralgia was more common in Neorickettsia sennetsu
infection (Appendix 1 Supplementary Table S20).

The spatial distribution of Anaplasmataceae species
in vectors varied based on latitudes and continents,
primarily linked to tick vector distribution (Fig. 4a). For
instance, Amblyomma ticks predominantly carry Ana-
plasmataceae species found in the Americas and Africa;
Ixodes and Dermacentor mostly harbour Anaplasmata-
ceae members at higher latitudes in the Northern
Hemisphere; Haemaphysalis and Hyalomma are mainly
distributed in Eurasia, while Rhipicephalus have a global
pathogens  distribution. Overall, Anaplasmataceae
members had broader distribution within tick pop-
ulations compared to other arthropod vectors. Ana-
plasmataceae species were mainly detected among
wildlife and dogs in Europe and the Americas; while
detection in sheep, goats, and cattle was reported
throughout Eurasia (Fig. 4b). Human infections
differed geographically regarding the test method
(Fig. 4c).

We mapped the distribution of 12 major species
belonging to three genera (Anaplasma, Ehtlichia, and
Candidatus Neoehrlichia), with each species recorded in
over 80 occurrence locations. All 12 species were found
in Eurasia and Africa. Specifically, A. phagocytophilum
and E. canis were found on six continents, with higher
prevalence in America and Eurasia. Anaplasma margin-
ale, A. ovis, A. platys, and Anaplasma centrale were
mainly reported in Asia and Africa. Aanplasma bovis and
A. capra were mainly observed in Asia, while
E. chaffeensis and E. ewingii were primarily distributed in
North America. Candidatus Neoehrlichia mikurensis
and Ehrlichia ruminantium were mainly found in Europe
and Africa, respectively (Fig. 5a-c, Appendix 1
Supplementary Table S10). The distribution of the
other 73 Anaplasmataceae species was shown in
Appendix 1 Supplementary Figure S4. When consid-
ering the infection in tick species, the meta-analysis
revealed A. phagocytophilum had the highest prevalence
in I persulcatus (6-95%; 95% CI: 4-89-9-78%),
I. scapularis (6-64%; 95% CI: 4.76-9-18%), and I. ricinus
(4-55%; 95% CI: 3-90-5-32%); Candidatus N. mikur-
ensis had the highest prevalence in I. ricinus, and both
E. canis and A. platys had the highest prevalence in Rh.
sanguineus (Appendix 1 Supplementary Table S12).

In addition, we also mapped the distribution of in-
fections of the Anaplasmataceae species confirmed in this
study after molecular validation. A total of 77 Ana-
plasmataceae members have been detected in 133 vectors,
158 wildlife species, and 10 domestic animals up to the
present time, and the addition information of the valida-
tion are supplemented in Appendix 1 Supplementary
Figures S35-S42.

The BRT models performed well for the eight vector
tick species, with AUC values surpassing 0-9 and predic-
tive accuracy exceeding 0-8 (Appendix 1 Supplementary
Table S21 and Figure S5). The model results confirmed
consistent distribution patterns projected in our previous
studies for I pacificus, I scapularis, I. persulcatus, and
I. ricinus as projected.” Other vector ticks exhibited
expanded distribution beyond what was previously pro-
jected in the year 2019 and 2020 respectively.’’ Derma-
centor marginatus is mainly distributed in the
Mediterranean Sea region, and central/east Asia, while
Ha. longicornis is projected to extend further into North
America and Europe compared to previous findings
(Appendix 1 Supplementary Figures S6-S13). The BRT
models revealed that climatic covariates had the most in-
fluence on all evaluated tick species, while leaf area index
primarily affected I. persulcatus and sheep density mainly
influenced D. marginatus (Appendix 1 Supplementary
Table S22; Figures S14-S21).

animals. Wildlife are categorized according to their taxonomic orders, while domestic animals such as dogs, cats, and cattle are not subdivided
further in this context. Therefore, for these domestic animals, a single number of “one” is shown in the matrix for certain specific Ana-
plasmataceae species, indicating the presence of that particular Anaplasmataceae species identified in the respective domestic animal.
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Fig. 4: Global distribution of laboratory-confirmed Anaplasmataceae species detected in vectors, animals, and humans based on
literature sources. (a) Vectors; (b) Animals; (c) Humans. In panel a, different shapes are used to differentiate ticks from other vectors. In
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In ecological niche modelling analyses of the six
major Anaplasmataceae species after molecular valida-
tion, when using data with polygon areas less than
900 km?, RF exhibited superior predictive performance
compared to BRT and LASSO, as indicated by higher
average AUC values (Appendix 1 Supplementary
Figure S22). Data with polygon areas less than
100 km* and 400 km? were further used in RF model,
and RF models demonstrated that higher predictive
performance was obtained using a threshold of 400 km?.
The average AUC varied between 0-925 for A. ovis and
0-968 for E. canis (Appendix 1 Supplementary Table S23).
The models revealed that temperature and precipitation
related variables were significant factors influencing the
distribution of six major Anaplasmataceae species.
Moreover, the HSIs of vector ticks had the most signifi-
cant impact on the occurrence of A. phagocytophilum,
Candidatus N. mikurensis, and A. platys, while urban
built-up land areas and population density were key fac-
tors in determining the distribution of E. canis, A. ovis,
and A. marginale. As for the impact of biological factors,
goat density and mammalian richness primarily
impacted occurrence of A. ovis while cattle density was
closely associated with A. marginale (Appendix 1
Supplementary Table S24; Figures S23-S28).

By applying RF models, potential risk areas for six
Anaplasmataceae members are projected to be located
across larger regions than currently documented
(Appendix 1 Supplementary Figures S29-S34). For the
three Anaplasmataceae species with confirmed human
pathogenicity and wide distribution, A. phagocytophilum
poses the greatest risk, with 3-97 billion people and 8-95
million km? area projected to be potentially affected,
primary in Eurasia, North America and parts of Africa
(Table 1). Ehtlichia canis is projected to cover approxi-
mately 3-94 million km? of potentially suitable habitat,
and Candidatus N. mikurensis is mainly predicted to
distribute in Eurasia with potential risk areas of 2-36
million km?.

Discussion

In this study, we compiled a comprehensive database
detailing the spatial distribution of Anaplasmataceae
species identified in vectors, animals, and humans. This
resource enables researchers to gain an in-depth un-
derstanding of the relationships between Anaplasmata-
ceae species and their potential vectors and animal
hosts. Furthermore, by mapping the distribution of
Anaplasmataceae species and conducting prediction
models for major members, we can achieve a thorough
comprehension of their global distribution patterns.

Our findings not only help to strengthen surveillance in
high-risk areas but also provide a robust foundation for
guiding future public health initiatives focused on the
prevention and control of Anaplasmataceae species.

Based on extensive data curation and analysis, 85
Anaplasmataceae species have been determined, with
over 50% discovered in the last decade (Fig. 2b). This
highlights their potential expansion in diversity and
scope, which is inextricably linked to the intensive
research undertaken in recent years."**** More than
60% of Anaplasmataceae members have been detected
in 187 vectors species, 48:2% were detected in 312
species of wild animals, while 36 Anaplasmataceae
species had been identified in domestic animals (Fig. 3;
Appendix 1 Supplementary Table S16). The vector and
host plasticity observed for Anaplasmataceae species
highlight their ability to infect human beings."'*** With
17-6% of Anaplasmataceae members currently were
known to cause human infections (Fig. 2d; Appendix 1
Supplementary Table S20), it is necessary to enhanced
active surveillance to track changes in their dynamic and
emerging threats to humans.

Our findings emphasize ticks as the primary vectors
in the distribution of Anaplasmataceae species, with
hard ticks primarily responsible for their transmission,
however, Anaplasmataceae members can also be detec-
ted in certain soft ticks such as Ornithodoros lahorensis,
Argas japonicus, and Argas vespertilionis (Fig. 3; Appendix
1 Supplementary Figure S1), which may also serve as
potential vectors.” Based on our niche modelling anal-
ysis, HSIs of the eight major tick vectors were robustly
predicted, significantly contributing to the distribution
of each major Anaplasmataceae species (Appendix 1
Supplementary Table S24; Figures S23-S28). In this
study, the HSI values for multiple tick species poten-
tially carrying a pathogen such as A. phagocytophilum
were determined by selecting the maximum value. This
approach prioritized species with highest transmission
potential across different regions, thereby enhancing
model performance. It also elucidates the roles of locally
distributed tick species that significantly contribute to
the occurrence of specific Anaplasmataceae species in
various regions. For instance, I. scapularis and
I. pacificus in North America, I. ricinus and I. persulcatus
in Europe, as well as I. persulcatus in East Asia are key
vectors for A. phagocytophilum.” Notably, while most
vector ticks have distinct ecological niche due to local
adaptions, some ticks have expanded their habitats as a
result of climate changes and human activities
(Appendix 1 Supplementary Figures S6-S13).2*¢ For
example, Ha. longicornis has been observed to expand
from its original habitat in East Asia to northeastern

panel b, shapes distinguish domestic animals from wild animals. In panel ¢, colours denote the detection methods employed, while shapes
represent the type of location where Anaplasmataceae infections were identified, with the size of the shapes indicating the number of

reported human cases.
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Fig. 5: Spatial distribution of the major Anaplasmataceae species on a global scale. (a) The global distribution of major Anaplasma species;
(b) The global distribution of major Ehrlichia and Candidatus Neoehrlichia species; (c) Number of detection locations in six continents for each
predominant Anaplasmataceae species.
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Anaplasmataceae species Average testing AUC Population size (million) Area (10,000 km?)
Eurasia Africa Americas  Oceania ~ Worldwide  Eurasia Africa Americas  Oceania  Worldwide

A. phagocytophilum 0-964 (0-949-0-978) 2706-04 41134  825.04 28.57 3970-99 618-74 26-57 220-28 29-13 894-72
Candidatus N. mikurensis 0-957 (0-912-0-983) 530-86 1-18 - - 532:04 235-72 0-02 - - 23574
E. canis 0-968 (0-925-0-999) 3127-76 892-10 938-84 25-98 4984-68 188-44 98-26 103-45 3-58 393-73
A. ovis 0-925 (0-871-0-967) - - - - - 669-51 253-04 - - 922.55
A. platys 0-926 (0-852-0-981) - = = = = 399-63 23466 10315 16-06 753:50
A. marginale 0-926 (0-868-0-963) - - - - - 442-52 355-23 29256 60-75 1151-06
Table 1: Average AUC, population sizes and areas predicted by the RF models at potentially high risk of exposure to the six major Anaplasmataceae species.

United States, Australia, and New Zealand, under-
scoring the importance of monitoring ticks in both
endemic and newly colonized regions.”** This
geographic expansion may influence the spread of tick-
borne pathogens, highlighting the need for enhanced
surveillance and control strategies. However, the prev-
alence of tick-borne pathogens can’t be determined
solely by the reported presence of vectors. In many
economically disadvantaged regions, limited research
infrastructure and surveillance capabilities often lead to
underreporting, thereby resulting in an underestima-
tion of the true disease burden.”* Thereby, strength-
ening monitoring and diagnostic capacity in these areas
is essential for improving our understanding of tick-
borne disease dynamics and addressing existing
research gaps.

Wildlife serves as natural hosts or accidental hosts
for tick-borne pathogens, often neglected in the pre-
vention and control strategies against these pathogens.
Notably, the prevalence of A. phagocytophilum and
Candidatus N. mikurensis is particularly high among
wildlife, especially within Cervidae animals like Cap-
reolus capreolus and rodent species such as Myodes glar-
eolus (Appendix 1 Supplementary Tables S16, S18).
These animals play a crucial role in the distribution and
transmission of tick-borne pathogens. They share
habitat with major tick vectors of Anaplasmataceae
species such as I persulcatus, Ha. longicornis, and
I. ricinus. When these ticks bite the animal hosts, they
can become infected and subsequently facilitate the
propagation and transmission of these pathogens.**
Furthermore, environmental changes, such as climate
change and habitat fragmentation, have led to the
expansion of certain wildlife populations, notably rodents,
even into human-inhabited areas, thereby increasing the
risk of Anaplasmataceae infections in humans.*** Unlike
the two Anaplasmataceae species mentioned above,
A. marginale and A. ovis show higher prevalence in do-
mestic animals, especially in cattle, sheep, and goats,
which is mainly attributed to the presence of specific tick
species such as D. marginatus and Rh. microplus
(Appendix 1 Supplementary Tables S16, S18). Moreover,
companion animals, especially dogs, play an important
role as “bridges” for the transmission of tick-borne

www.thelancet.com Vol 115 May, 2025

pathogens.”* Although dogs themselves rarely directly
transmit tick-borne pathogens, the ticks they harbour can
disseminate Anaplasmataceae species, such as A. platys
and E. canis (Appendix 1 Supplementary Tables S16, S18),
to humans through bites. This intermediary role high-
lights the necessity of monitoring companion animals,
especially in areas where dogs are in close contact with
human and wildlife habitats, thereby facilitating pathogen
transmission pathways.“* Surveillance of wild, domestic,
and companion animals is essential for elucidating
pathogen dynamics and mitigating economic losses in the
livestock sector. Furthermore, it provides crucial data to
veterinary and environmental authorities for implement-
ing timely interventions and enhancing public health
Pprotection.

Anaplamsa phagocytophilum had the highest number
of reported human cases among Anaplasmataceae spe-
cies, followed by E. chaffeensis and Candidatus N.
mikurensis (Appendix 1 Supplementary Table S19). Our
modelling analysis revealed that their potential distri-
bution areas significantly exceeded the currently
observed regions (Appendix 1  Supplementary
Figures S29-S34). In recent years, tick species such as
L. persulcatus, Ha. longicornis, and I. ricinus, which serve
as important vector of these pathogenic Anaplasmata-
ceae species, have expanded their suitable habitats due to
factors like global warming, alterations in microclimate
and human activities.”**** Additionally, for Anaplasma-
taceae members that were predominantly found in ani-
mal hosts (Appendix 1 Supplementary Figure S17), for
example, E. canis and A. platys in dogs,”*° an increasing
risk for transmission of might be accelerated by urbani-
zation and increased population density.* This highlights
the critical importance of an integrated One Health
approach, which links human, animal, and environ-
mental health.”" Early surveillance among vectors and
animals in areas with predicted risks, along with sero-
logical surveys of high-risk populations in close contact
with competent animal hosts, is essential for early
detection and effective management.”>> Strengthening
collaboration between veterinary, medical, and environ-
mental sectors is crucial for developing comprehensive
strategies that mitigate the risk of Anaplasmataceae
transmission and safeguard public health.
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There are several limitations to our study. First, the
data regarding occurrences of Anaplasmataceae species
infections for this study were extracted from published
literature. While multiple databases provide a broad
spectrum of information, there remain limitations in
terms of data quality and completeness. Variations in
testing methods, sample sizes, and reporting standards
across different countries and regions, especially in low-
income areas, may lead to false negatives due to con-
strained testing capacities, thereby underestimating the
infection risk. Furthermore, some studies were excluded
from this study due to insufficient methodological de-
scriptions or improper sample handling, potentially
resulting in a partial loss of positive data. Second, our
study relied on existing literature, which is inherently
susceptible to publication bias and selection bias. This
may compromise the representativeness of the data, as
unpublished studies or under-surveyed regions could have
been overlooked. Third, during the modelling analyses,
we excluded serological data from predictive models,
which may have led to an underestimation of pathogen
infection risks. Finally, the modelling relied on a single
static dataset of ecological variables, failing to account for
temporal dynamics and potentially overlooking seasonal
or interannual fluctuations in species distributions. Future
research should prioritize enhancing data quality by
incorporating field surveillance data and utilizing dynamic
datasets to improve modelling accuracy.

Despite these limitations, our study created a data-
base covering the currently recognized species of the
family Anaplasmataceae, which provided fundamental
data to support the understanding of the current dis-
tribution of Anaplasmataceae species. The study iden-
tified the potential vectors and animal hosts of
Anaplasmataceae species and revealed the human dis-
tribution of pathogenic pathogen infections and their
associated symptoms. By modelling the ecological niche
of six major Anaplasmataceae members, key ecological
factors affecting their distributions and suitable habitats
were revealed. These findings are of great practical
significance for improving clinical diagnosis, opti-
mizing public health surveillance systems, and devel-
oping effective prevention and control strategies.
Meanwhile, this study was conducted on a global scale,
with particular emphasis on low- and middle-income
countries and regions that have limited data re-
sources. This study can contribute to the broader
management of zoonotic diseases and provide a scien-
tific foundation for the development of relevant public
health policies, thereby enabling a more effective
response to the global public health challenges posed by
Anaplasmataceae species infections. Future research
should further improve data quality and develop dy-
namic models adapted to environmental changes in
order to continuously optimize prevention and control
strategies.
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