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Editorial on the Research Topic

Zoonotic diseases: epidemiology, multi-omics, and

host-pathogen interactions

Zoonotic diseases, which can be transmitted between humans and animals, pose a
significant risk to global health. These infections, caused by various microorganisms such
as viruses, bacteria, parasites, and fungi, often lead to severe and life-threatening illnesses.
However, some infected individuals may remain asymptomatic. Remarkably, almost 60%
of human diseases are zoonotic, and at least 75% of emerging infectious diseases are of
zoonotic origin.

Despite their impact, many zoonotic diseases are neglected. This Research Topic
aims to explore the pathogenesis, molecular evolution, transmission dynamics, and host
interaction mechanisms of zoonotic pathogens, providing a platform for innovative
research focused on preventing and controlling zoonotic diseases. Within this topic, 17
research articles and five reviews have been published that advanced our knowledge on
zoonotic diseases.

Huang et al. investigated tick-borne viruses, particularly the Jingmen tick virus
(JMTV), discovering a novel strain, the Sichuan tick virus, with implications for cross-
species transmission and co-infection in multiple tick hosts. Through high-throughput
sequencing, they identified whole virus genomes from four tick samples, revealing a
novel JMTV-like virus with signals of reassortment with other JMTV strains, suggesting a
complex interplay of viral evolution in ticks. Shah et al. reviewed several critical tick-borne
viruses, such as Bourbon virus (BRBV), Dhori virus (DHOV), Powassan virus (POWV),
Omsk hemorrhagic fever virus (OHFV), Colorado tick fever virus (CTFV), Crimean-
Congo hemorrhagic fever virus (CCHFV), Heartland virus (HRTV), and Kyasanur forest
disease virus (KFDV). They highlighted these viruses’ eco-epidemiology, pathogenesis,
and clinical manifestations, emphasizing the need for targeted preventive measures. Majid
et al. identified Rickettsia pathogens in various tick species in Pakistan, highlighting
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the need for comprehensive surveillance to assess potential
health risks to humans and livestock. Their study revealed the
presence of Rickettsia in ticks from domestic and wild hosts,
underscoring the importance of monitoring tick populations to
prevent zoonotic outbreaks.

Ali et al. conducted molecular screening of Coxiella spp. in
various ticks from different hosts in Pakistan, identifying several
new species and highlighting the need for proper surveillance to
mitigate health risks. They confirmed the presence of Coxiella

burnetii and Coxiella endosymbionts in multiple tick species,
providing crucial insights into the ecology of these pathogens.
Wu S. et al. investigated the prevalence and genetic diversity
of piroplasmosis in pet dogs and cats in Guiyang. The study
confirmed the presence of Theileria uilenbergi and Theileria

luwenshuni in both cats and dogs, highlighting the importance
of surveillance in pet populations to control the spread of
these pathogens. They found a significant prevalence of these
parasites, indicating a potential public health risk. Zhang X.
et al. identified several tick-borne pathogens, including Rickettsia,

Anaplasma, and Ehrlichia species, in ticks collected from domestic
cattle and goats, emphasizing the need for comprehensive
surveillance to mitigate the risk to human and animal health.
Their findings provided a detailed genetic analysis of these
pathogens, revealing the diversity and prevalence of tick-borne
diseases in the region. Xu et al. identified a new Dabieshan
tick virus strain, highlighting the need for expanded surveillance
to understand its transmission and pathogenicity. Their study
discovered the virus in multiple tick species, suggesting a
widespread distribution and potential health impact. Jamil et al.
investigated the prevalence of tick-borne pathogens (TBPs) in
Pakistan. They collected 213 ticks from various animals, identifying
five species: Hyalomma anatolicum, Rhipicephalus microplus,
Hyalomma scupense, Rhipicephalus turanicus, and Rhipicephalus

sanguineus. The study underscores a broader range of TBPs in
Pakistan, highlighting the need for improved control measures to
protect livestock and public health.

Fernandes et al. applied CRISPR interference (CRISPRi)
to study the pathogenesis and virulence factors of Leptospira,
providing insights into leptospiral biology and potential vaccine
targets. They used CRISPRi to silence key leptospiral proteins,
demonstrating the role of these proteins in bacterial virulence and
host interactions. Meng W. et al. focused on Corynebacterium

pseudotuberculosis strains isolated from alpacas, exploring their
antibiotic resistance and genetic properties to understand their risk
to livestock. Their study included antibiotic susceptibility tests and
genome sequencing, revealing multiple antibiotic resistance genes
and virulence factors.

Špičić et al. identified a novel Mycobacterium species in
mollusks, contributing to the understanding of mycobacterial
infections in marine environments. They used genomic and
phenotypic analyses to characterize the new species, proposing
Mycobacterium pinniadriaticum sp. nov. as the new species name.

The research by Wan et al. explores the role of the CpxAR
system in Actinobacillus pleuropneumoniae under high potassium
(K+) stress, which hinders bacterial growth. They found that
CpxAR is crucial for cell division in these conditions by
upregulating the cell division genes ftsE and ftsX. qRT-PCR

showed positive regulation of these genes, and EMSA demonstrated
CpxR-P binding to the ftsE promoter. This study is the first
to detail the mechanism by which CpxAR confers high-K+
tolerance in A. pleuropneumoniae. Wu Z. et al. investigated
the prevalence of Klebsiella pneumoniae in pigs. They infected
mice and pigs with a human-derived K. pneumoniae strain
and developed an indirect ELISA using KHE protein and a
nested PCR method for detection. The ELISA was optimized,
showing high sensitivity and specificity, with an infection rate
of 27.28% (ELISA) and 19.13% (PCR) in 920 porcine samples.
Infection rates correlated with population density, GDP, and
tourism. The study highlights the significant prevalence of K.

pneumoniae in Chinese pigs and its implications for pig health and
disease prevention.

Srivastava et al. reviewed Marburg virus disease
comprehensively, discussing its pathophysiology, transmission
routes, and the need for effective treatments and vaccines.
Their review included a detailed analysis of past outbreaks,
virus structure, and the current state of clinical management
and research.

Melgarejo et al. developed an experimental model of
tuberculosis in goats to evaluate new vaccines and treatments.
Their study compared intranasal and endobronchial routes of
infection, providing insights into the pathogenesis and immune
response in goats. It demonstrated the importance of route-specific
inoculations to replicate natural infections. Xue et al. investigated
the presence of zoonotic pathogens Anaplasma, Bartonella,
and Rickettsia, in Daurian ground squirrels in Hebei Province,
China. The study highlights the genetic diversity of these bacteria
in ground squirrels and notes that six identified species are
pathogenic to humans, posing a potential health risk to local
populations, particularly herders who are in close contact with
these animals.

Ulloque-Badaracco et al. performed a meta-analysis on
the seroprevalence of human toxocariasis in Latin America
and the Caribbean, offering valuable data for epidemiological
surveillance and prevention strategies. Their analysis included over
31,000 participants, identifying key risk factors and providing
a comprehensive overview of the disease’s prevalence in the
region. Salamandane et al. assessed the genetic patterns of Giardia
duodenalis and Enterocytozoon bieneusi in vegetables and fruits
in Mozambique, highlighting their public health importance and
zoonotic transmission potential. They used nested-PCRmethods to
detect these pathogens, identifying multiple novel sequences with
high zoonotic transmission potential. Meng Y. et al. reviewed the
complexities of diagnosing and treating bone cystic echinococcosis,
underlining the need for improved diagnostic and therapeutic
strategies. Their review covered imaging techniques, serological
tests, and treatment options, highlighting the challenges in
managing this complex disease.

Song et al. explored the antibacterial and anti-inflammatory
effects of epigallocatechin gallate (EGCG) in treating canine
periodontal disease, suggesting its potential as a therapeutic agent.
They conducted both in vitro and in vivo experiments, showing
that EGCG significantly reduced bacterial load and inflammation
in a mouse model of periodontal disease. Lu et al. conducted
a meta-analysis of the clinical characteristics of patients who
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died from hemorrhagic fever with renal syndrome (HFRS). They
analyzed data from 37 articles involving 140,295 patients. The study
found that those who died were typically older, more likely to
smoke, and had hypertension and diabetes. These patients also
exhibited severe symptoms like multiple organ dysfunction, shock,
cerebral complications, heart and liver damage, and acute kidney
injury. The findings highlight high-risk factors for mortality, aiding
in clinical assessment and prognostication. Zhang Z. et al. examined
the clinical characteristics and outcomes of acute kidney injury
in patients with severe fever with thrombocytopenia syndrome
(SFTS), identifying risk factors for poor prognosis. Their study
provided detailed clinical data, highlighting the need for early
identification and management of AKI in SFTS patients.

In conclusion, significant advances have been made in
understanding zoonotic diseases through multi-omics and
host-pathogen interaction studies. The research presented here
emphasizes the importance of comprehensive surveillance,
innovative diagnostic methods, and targeted prevention strategies.
Several studies have revealed new insights into the genetic
diversity, transmission dynamics, and ecological impacts of
zoonotic pathogens. These findings underscore the necessity
for larger-scale, interdisciplinary studies to fully understand the
complexities of zoonotic diseases and their impact on public health.
Future research should focus on integrating data from diverse
ecosystems and host species within the One Health framework to
develop more effective strategies for controlling zoonotic diseases.
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Ticks are obligatory hematophagous arthropods that harbor and transmit 
infectious pathogens to humans and animals. Tick species belonging to 
Amblyomma, Ixodes, Dermacentor, and Hyalomma genera may transmit certain 
viruses such as Bourbon virus (BRBV), Dhori virus (DHOV), Powassan virus (POWV), 
Omsk hemorrhagic fever virus (OHFV), Colorado tick fever virus (CTFV), Crimean-
Congo hemorrhagic fever virus (CCHFV), Heartland virus (HRTV), Kyasanur forest 
disease virus (KFDV), etc. that affect humans and certain wildlife. The tick vectors 
may become infected through feeding on viraemic hosts before transmitting the 
pathogen to humans and animals. Therefore, it is vital to understand the eco-
epidemiology of tick-borne viruses and their pathogenesis to optimize preventive 
measures. Thus this review summarizes knowledge on some medically important 
ticks and tick-borne viruses, including BRBV, POWV, OHFV, CTFV, CCHFV, HRTV, 
and KFDV. Further, we  discuss these viruses’ epidemiology, pathogenesis, and 
disease manifestations during infection.

KEYWORDS

ticks, tick-borne viruses, epidemiology, pathogenesis, manifestations

1. Overview

Ticks are obligatory hematophagous parasites, harboring and transmitting infectious 
pathogens to humans and animals in temperate North America, Europe, and Asia. Ticks are 
responsible for more than 95% of vector-borne diseases in the United States (Rosenberg et al., 
2018). Tick-borne diseases have a significant economic impact, especially in developing 
countries (Estrada-Peña and Salman, 2013). Tick-borne diseases affect approximately 80% of 
the world’s cattle population, with an estimated cost of around $13.9–18.7 billion (De Castro 
et al., 1997). For country like Tanzania, the economic losses due to tick-borne disease has been 
quantified to be $364 million, with an estimated mortality of 1.3 million cattle (Kivaria, 2006). 
In the United States, the Powassan virus (POWV) transmission has been seen as evidence of an 
emerging trend, spreading in new areas at a comparable rate (Hermance and Thangamani, 
2017). Tick-borne diseases, particularly Crimean-Congo hemorrhagic fever (CCHF), are 
persistent problems at the One Health interface between humans, wildlife, and the environment 
( Anderson and Armstrong, 2012; Sorvillo et al., 2020). These conditions are often ignored, and 
receive less attention and dedicated public health funding than directly transmitted zoonotic 
viruses such as the recent COVID-19 pandemic (WHO, 2022b). Tick vector control’s ability to 
reduce tick populations is limited by the availability of large-scale mitigation strategies and 
preventive control measures, demanding additional research to develop effective tick control 
strategies for human and wildlife (Eisen and Stafford, 2021). Current prevention and clinical 
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treatment are limited, despite their severe prognosis and high fatality 
rate. Many tick-borne infections in humans are also difficult to detect 
and diagnose, due to the broad clinical presentation of many tick-
borne diseases, the lack of reliable diagnostic tests, and the multi-
tiered approaches required to confirm pathogens (Fatmi et al., 2017; 
Bush and Vazquez-Pertejo, 2018). In brief, the expansion of tick 
populations and increasing incidence of tick-borne diseases are 
bringing ticks to the attention of public health professionals.

Among the tick families, i.e., hard ticks (Ixodidae), soft ticks 
(Argasidae), and Nuttalliellidae, Ixodidae is the most prominent 
family, including genera like Amblyomma, Haemaphysalis, Ixodes, 
Rhipicephalus, etc., and over 700 species worldwide (Brites-Neto et al., 
2015; Dantas-Torres and Otranto, 2022). Ixodes persulcatus 
(Figure 1A) distribution has been reported in north-eastern Europe, 
some parts of Russia, China, Korea etc. (Topp et al., 2022); I. ricinus 
(Figure 1B) in Europe and northern Africa; Dermacentor reticulatus 
(Figure  1C) in some parts of Europe; I. scapularis (Figure  1D); 
D. andersoni (Figure 1E); and Amblyomma americanum (Figure 1F) 
in Northern America. Most members of the Ixodidae, particularly 
I. scapularis (Figure 2C), A. americanum (Figure 2D), D. andersoni 

(Figure 2E), and Haemaphysalis spinigera (Figure 2F) go through four 
different life stages, i.e., eggs, larvae, nymphs, and adult ticks (WHO, 
2020). Among the two possible vertical transmission routes of tick-
borne viruses (TBVs), transstadial transmission is the sequential 
passage that is critical for tick survival and life cycle completion, 
whereas transovarial transmission occurs when viruses are transmitted 
from an infected tick to their offspring, i.e., the virus remains in the 
egg after being laid by an infected female tick and eventually infects 
the offspring (Figures 2A,B; Barker and Reisen, 2019).

TBVs use a variety of mechanisms to evade host immune 
responses for successful tissue colonization in humans and animals 
(Charrel et al., 2004; Belikov et al., 2014; Brites-Neto et al., 2015). 
Despite low viremia in infected vertebrates, most organ damage is 
caused by host inflammatory responses; for example, induced 
inflammatory responses in TBV infections can increase vascular 
permeability, neurological complications, and even death in severe 
cases (Bente et al., 2013; Hermance et al., 2016; Bhatia et al., 2020; 
Campbell and Krause, 2020; Figure 3). Nonetheless, case reports and 
preliminary field studies published in the last decade indicate that 
TBVs present in different regions are underdiagnosed or misdiagnosed 

FIGURE 1

Approximate global distribution of some medically important ticks. (A) Ixodes persulcatus distribution in north-eastern Europe, some parts of Russia, 
China, Korea etc. (B) Ixodes ricinus in some parts of Europe and northern Africa. (C) Dermacentor reticulatus in some parts of Europe. (D) Ixodes 
scapularis, (E) Dermacentor andersoni and (F) Amblyomma americanum in Northern America.
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due to their complex behaviors. Although the epidemiological 
characteristics of ticks and TBVs are well documented, understanding 
pathogenesis, notably host immune responses to the virus and their 
impact on disease outcomes, is limited. The main focus of this review 
is to summarize the most recent advances in TBV diseases, with a 
focus on emerging diseases that pose a public health threat around 
the world.

This review thus emphasizes the epidemiological characteristics 
of some medically important tick vectors and TBVs, including 
Bourbon virus (BRBV), POWV, Omsk hemorrhagic fever virus 
(OHFV), Colorado tick fever virus (CTFV), Crimean-Congo 
hemorrhagic fever virus (CCHFV), Heartland virus (HRTV), and 

Kyasanur forest disease virus (KFDV) (Figure 4A). Details on TBVs’ 
classification and distribution are shown in Table 1. For this review, 
we have drawn data from existing literature, our basic research, and 
public health experience with TBV diseases. Further, we discuss the 
epidemiology, pathogenesis, and disease manifestations of some 
medically important TBVs.

2. Bourbon virus

BRBV is a member of the Orthomyxoviridae family, genus 
Thogotovirus, infecting humans and animals via tick bites in most 

FIGURE 2

The life cycle of some medically important tick vectors and transmission routes of viruses. The two possible transmission types, i.e., (A) transstadial 
transmission and (B) transovarial transmission, which is critical for the virus transmission via infected ticks. (C) The life cycle of Ixodes scapularis, 
(D) Amblyomma americanum, (E) Dermacentor andersoni, (F) Haemaphysalis spinigera.
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parts of Africa, the Middle East, and Europe (Bai et al., 2019; Fuchs 
et  al., 2019). Viruses in this family have filamentous, rounded, 
enveloped, segmented negative-sense ssRNA genomes comprising six 
genes, encoding viral polymerase basic protein 1 (PB-1), polymerase 
basic protein 2 (PB-2), polymerase acidic protein (PA), a matrix 
protein, a nucleoprotein, and a surface glycoprotein (Kosoy et al., 
2015). The increased prevalence of BRBV in the last decade 
emphasizes the importance of tick surveillance; for example, 
Haemaphysalis longicornis is an important tick species in eastern Asia, 
transmitting viral pathogens to humans and animals (Rainey et al., 
2018). In Ehime, Japan, researchers isolated a novel Oz virus (a close 
relative of BRBV) that efficiently replicated and caused a cytopathic 
effect in Vero cells. Furthermore, after intracerebral inoculation, OZV 
replicates in BHK-21 and DH82 cells and causes high mortality in 
suckling mice (Ejiri et al., 2018). The first sighting of the H. longicornis 
tick that transmits BRBV was on a sheep in New Jersey, and later on, 
the tick was reported in New Jersey, as well as in the eastern 
United States and Arkansas (Rainey et al., 2018). Advanced diagnostic 

methods, such as the IgM antibody capture-enzyme-linked 
immunosorbent assay (MAC-ELISA) (Martin et al., 2000; Piantadosi 
and Kanjilal, 2020) and microsphere immunoassay (MIA) coated with 
recombinant viral antigens (Johnson et al., 2007; Basile et al., 2013), 
are recommended for BRBV detection. In severe cases, no specific 
treatments or vaccines are available to prevent BRBV infection; 
however, disease symptoms can be treated with an intravenous fluid 
infusion. Because the symptoms overlap (coinfections acquired via 
tick bites carrying BRBV), proper diagnosis is required to understand 
preventive strategies. Future research into the transmission and 
underlying pathogenic mechanisms of BRBV would aid in our 
understanding of their ecology.

2.1. Epidemiology

The BRBV was first isolated from a hospitalized 50-year-old man’s 
blood samples after he died in Kansas, United States (Kosoy et al., 

FIGURE 3

Shows the infection, replication and pathogenesis of TBVs in hosts taking flavivirus as an example. Ticks transmit the virus to susceptible host while 
feeding. TBVs enter the host cell via endocytosis or by fusing E protein to the heparan-sulfate and glycosaminoglycan receptors (found on vertebrates 
and tick cells). After entering the host cell, the virus fuses with the endosomal membrane and releases its capsid into the cytoplasm. In the infected cell 
cytoplasm, the viral RNA is unveiled and transcribed into proteases, which cleave the polypeptides into several NSPs, such as NS1, NS3, 2A, 2B, 4A, 4B, 
etc. RNA-dependent RNA polymerase and helicases work together to produce gRNA and RNAs, which are both required for viral replication and 
transcription. The newly synthesized viral RNA is translated, producing envelopes, capsids, membrane proteins, and other components that are then 
transported to the E.R-Golgi body complex for virion assembly. These virions coat the lipid bilayer completely, mature, and are exocytosed from the 
cytoplasm of the infected cell. Following transmission from an infected tick, the TBVs replicate and induces inflammatory responses in infected hosts, 
resulting in clinical signs and symptoms. These viruses use a variety of mechanisms to evade host immune responses and colonize host tissues. In 
some cases, the host immune responses to TBVs, particularly pro-inflammatory cytokines, can cause neurological and cardiovascular disorders during 
persistent infections.
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2015). Subsequently, two more deaths were reported from the BRBV 
(Miller, 2018; Vallbracht et al., 2018), and two humans recovered after 
treatment (Savage et al., 2017; Miller, 2018). The BRBV is genetically 
similar to the DHOV, isolated from a man in India (Bricker et al., 
2019). A new Oz-virus isolated in Japan (Ejiri et al., 2018) revealed a 
close association with the previously identified BRBV (Fuchs et al., 
2022). A study reported a high BRBV prevalence in raccoons (50%) 
and white-tailed deer (86%) in Missouri, USA (Jackson et al., 2019). 
During tick surveillance in Bourbon County and neighboring 
southern Linn County, 20,639 host-seeking ticks were collected for the 
detection of BRBV, and it was found that the detection of BRBV in 
humans after lone star tick A. americanum bites lends support to the 
theory that A. americanum serves as a vector for BRBV transmission 
to humans and wildlife. In a study, nucleotide sequences revealed 
similarities among Thogotovirus European, Asian, and African isolates 
(Kuno et al., 2001). A survey in Missouri, United States, discovered 

BRBV-neutralizing antibodies in human sera. Only three of the 440 
human sera tested for BRBV were positive, indicating BRBV 
circulation in the region (Bamunuarachchi et al., 2022). In North 
Carolina, the detection of BRBV antibodies in white-tailed deer 
(Komar et al., 2020) aids in identifying new TBVs in the area (Hubálek 
and Rudolf, 2012).

2.2. Pathogenesis, and disease 
manifestations

According to research findings, A. americanum may be infected 
with the BRBV at the larva or nymph stages (Spare et al., 2021; Aziati 
et al., 2022). Multiple BRBV detections in A. americanum indicate that 
these viruses have similar life cycles and routes of transmission 
(Miller, 2018; Savage et al., 2018). Thogotovirus replication begins with 

FIGURE 4

Estimated geographical distribution of selected tick-borne viruses (TBVs) of public health relevance. (A) Distribution of Bourbon virus (BRBV), Dhori 
virus (family Orthomyxoviridae, genus Thogotovirus), Powassan virus (POWV), Omsk hemorrhagic fever virus (OHFV), Colorado tick fever virus (CTFV), 
Kyasanur forest disease virus (KFDV), Heartland virus (HRTV). (B) The global distribution of the Crimean-Congo hemorrhagic fever virus (CCHFV). Each 
virus distribution has been shown according to the guidelines of WHO, the United States Centers for Disease Control and Prevention, and the 
European Center for Disease Prevention and Control.
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the viral glycoprotein binding to the host cell’s receptors, followed by 
virus entry via clathrin-mediated endocytosis. BRBV is then 
transported to the endosome, where low pH triggers the viral genome 
toward the nucleus for transcription and replication (SIB, 2022). 
Understanding the pathogenesis of BRBV and the protective immune 
responses of the host cell is critical for disease prevention and control. 
BRBV can infect polarized human airway epithelia but not foreskin 
fibroblast cells because these cells may have a strong IFN response 
against the viral infection (Ryu et al., 2010), therefore, may be resistant 
to such virus infection. In addition, IFN-α2a and IFN-γ treatment 
elicits antiviral immunity that suppresses BRBV propagation (Fuchs 
et  al., 2019). MRI findings show basal ganglia, brainstem, and 
cerebellum involvement in POWV-infected patients (Piantadosi et al., 
2016). In contrast, DHOV-infected Institute of Cancer Research (ICR) 
mice provided overall pathological and immunological reactions to 
DHOV infection (Li et al., 2008). After DHOV infection, increased 
levels of pro-inflammatory cytokines and chemokines were found in 
the liver, lungs, and sera of mice (Li et al., 2008), providing a true 
alternative animal model for studying virus pathophysiology and 
potential treatment (Li et al., 2008). Adult mice infected with the 
DHOV intranasally, subcutaneously, or intraperitoneally developed 
fatal illnesses with obvious clinical and pathologic findings. In 
addition, hepatocellular necrosis and steatosis were found outside of 
the lungs, and widespread fibrinous necrosis in lymphoid organs was 
marked by severe lymphocyte loss, karyorrhexis, and neuronal 
degeneration in the brain. Because of its biosafety level 2 status and its 
pathological effect in mice, the DHOV may provide a low-cost, 
relatively safe, and realistic animal model for revealing viral 
pathogenesis and management studies (Mateo et al., 2007). In vitro, 
growth shows increased BRBV replication in a variety of cell lines, 
including monkey kidney cells (LLC-MK2 and Vero E6), frog (XLK-
WG), hamster (BHK21Cl-15), duck embryo (DE), human (HeLa and 
HUH-7), Aedes, Anopheles (AP-61, C6/36, CCL-125, C7/10,), 
Dermacentor ANE58, DAE15, Hyalomma, and Amblyomma RAE/
CTVM1, HAE/CTVM9 AVL/CTVM17 (Lambert et  al., 2015). 

Infected individuals have experienced fatigue, nausea, fever, headache, 
vomiting, leukopenia, maculopapular rashes, and thrombocytopenia 
(Miller, 2018; Savage et  al., 2018). Recently, the effective use of 
favipiravir medication in mice (Bricker et al., 2019), suggests a possible 
treatment for BRBV infection.

3. Powassan virus

POWV is a type of tick-borne flavivirus (TBFV), first isolated from 
a human who died from encephalitis in Powassan, Ontario, Canada, 
in 1958 (Goethert et al., 2021). Later, POWV was classified into two 
genetically and ecologically distinct lineages: Lineage-I (the prototype 
POWV) and Lineage-II (also known as the deer tick virus) (Goethert 
et al., 2021). The flavivirus family has an ssRNA genome (about 11 kb) 
with a 5′ UTR (loops A and B) and a 3′ UTR that becomes infectious 
when it enters the host cell (Choi, 2021). Flavivirus attaches its surface 
glycoprotein to the host cell receptors, such as heparan-sulfate, 
laminin-binding protein, etc. The fusion of virus-containing vesicles 
with endosomes causes nucleocapsid release into the cytoplasm, 
where viral genomic RNA is translated into a single polypeptide at 
endoplasmic reticulum-associated ribosomes. Cellular and viral 
proteases process the newly synthesized structural and non-structural 
proteins into new virions. The mature virions exit from the cell 
cytoplasm via exocytosis. Except for some morphological differences 
between tick cells and the membranous structures of infected 
vertebrate cells, virus replication in mammals and ticks exhibits 
similar mechanisms in the cytoplasm and the formation of 
membranous replication compartments (Mackenzie, 2005; Bollati 
et al., 2010). Except for a few human isolates, the majority of lineage-I 
isolates from northern America have come from Ixodes cookei and 
their hosts (such as groundhogs, skunks, or red squirrels; Mostafa and 
Dean, 2022), suggesting the need for a deep molecular-level 
investigation to understand their underlying association with ticks 
and vertebrate hosts.

TABLE 1 Characteristics of some medically important tick-borne viruses.

Virus name
Classification (family, 
genus)

Genome description Distribution Principal tick vector

Bourbon virus (BRBV) Orthomyxoviridae, Thogotovirus Segmented negative-stranded 

RNA

Eastern Asia, China, Japan Haemaphysalis longicornis

Powassan virus (POWV) Flaviviridae, Flavivirus Positive stranded RNA North America, Russian 

Federation

Ixodes scapularis, Ixodes 

cookei

Deer tick virus (DTV) Flaviviridae, Flavivirus Positive stranded RNA North America Ixodes scapularis

Omsk hemorrhagic fever 

virus (OHFV)

Flaviviridae, Flavivirus Non-segmented positive ssRNA Western Siberian regions D. reticulatus, Ixodes 

persulcatus

Colorado tick fever virus 

(CTFV)

Spinareoviridae, Coltivirus segmented double-stranded 

RNA

Western America, Canada Dermacentor andersoni

Crimean Congo 

hemorrhagic fever virus 

(CCHFV)

Bunyaviridae, Nairovirus Tri-segmented negative-

stranded RNA

Asia, Africa, Eastern Europe Hyalomma marginatum

Heartland virus (HRTV) Bunyaviridae, Phlebovirus Tri-segmented negative-

stranded RNA

North America Amblyomma americanum

Kyasanur forest disease 

virus (KFDV)

Flaviviridae, Flavivirus Positive stranded RNA Southern India Haemaphysalis spinigera
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3.1. Epidemiology

POWV Lineage-II has been primarily associated with Ixodes 
scapularis ticks and white-footed mice in northern and north-central 
America (Ebel et al., 1999; Brackney et al., 2008; El Khoury et al., 
2013) before transmission to humans and other vertebrates. Evidence 
of POWV incidence has been reported in the United States (Goethert 
et al., 2021), Canada, Primorsky krai of Russia (L’vov et al., 1974; 
Leonova et al., 2009), Alaska and New Mexico (Deardorff et al., 2013). 
Between 2003 and 2018, over 106 POWV meningoencephalitis cases 
were reported, with a 15% mortality rate. The recent emergence of 
Powassan encephalitis in North America (Campbell and Krause, 
2020) was most likely attributed to the POWV lineage-II transmitted 
to humans via I. scapularis bites (Goethert et  al., 2021). A 50 to 
59-year-old male from Windham, Connecticut, United States, was 
hospitalized with a known tick bite history and a central nervous 
system (CNS) illness. Although POWV, particularly lineage II, is rare, 
with only a few dozen cases reported in the United States each year, it 
is considered a serious public health threat due to its potential for 
severe illness and death (Ebel, 2010; Piantadosi et al., 2016; Mlera 
et al., 2017). POWV has also been linked to human disease in eastern 
Russia (Deardorff et  al., 2013). Other closely related POWV 
serogroups were reported in Siberia, India, the United  Kingdom, 
Ireland, Norway, Spain, Malaysia, and Saudi Arabia (Calisher et al., 
1989). The post-infection complications involve damage to the 
patient’s CNS and other body organs (Goethert et al., 2021). Following 
the identification of the first human case, the geographic distribution 
of the POWV revealed high transmission with a higher fatality rate 
(over 30%) (Goethert et al., 2021). The adaptation of the POWV to 
invertebrate and vertebrate hosts directly influences the pathogen’s 
transmission in a specific area. Other factors, such as climate change, 
global warming, and agricultural practices, influence POWV’s 
geographic distribution (Lasala and Holbrook, 2010; Ostfeld and 
Brunner, 2015). Migratory birds may also aid in transmitting Ixodes 
species and their associated POWV over long distances (Waldenström 
et al., 2007).

3.2. Pathogenesis, and disease 
manifestations

POWV is transmitted through Ixodes species (I. cookei, 
I. scapularis, and I. marxi) after feeding on infected rodent blood (Ebel 
and Kramer, 2004). The primary POWV replication site is close to the 
tick bite, followed by the migration of the virus to lymph nodes via 
dendritic cells and macrophages, resulting in increased viral load/
viremia in infected female BALB/c mice (Hermance et al., 2016). In 
the case of a neurotropic infection, POWVs can cross the blood–brain 
barrier and damage neurons (Belikov et al., 2014). A study investigated 
POWV pathogenesis using C57BL/6 mice. After footpad inoculation, 
infected mice exhibited severe infection with 100% mortality (Santos 
et  al., 2016). In addition, immunofluorescence detected 
meningoencephalitis with mononuclear cell infiltration, activated 
microglia, and a polio-like disease. Moreover, the pathological analysis 
showed increased splenic macrophage counts, exploring the spleen’s 
role in POWV pathogenesis (Santos et  al., 2016). A biopsy was 
performed to investigate the skin at the POWV-positive tick bite site. 

The findings showed that increased neutrophils, macrophages, 
dendritic cells, and mononuclear cells infiltrated the infected areas, 
resulting in a transient viremia stage that led to multiple organ 
dissemination (Hermance et al., 2016). The virus crosses the blood–
brain barrier during the viremia stage. TNF-α may also be important 
in modulating the permeability of the POWV blood–brain barrier 
(Suthar et  al., 2013). Although the exact underlying molecular 
mechanism of this blood–brain barrier crossing is unknown; however, 
brain capillary endothelium’s role in this mechanism cannot 
be ignored (Suthar et al., 2013). In the neurological stage of infection, 
POWV targets neurons and glial cells in the CNS (Kemenesi and 
Bányai, 2019). Surprisingly, rat astrocytes (a type of neuroglia in the 
CNS) resist POWV-mediated cell death by eliciting a 
pro-inflammatory IFN-α response, indicating dormant infection in 
rodent species (Potokar et al., 2019). The astrocyte’s resistance capacity 
may keep the enzootic transmission cycle going through long-term 
illnesses. POWV hemorrhagic disease with liver and spleen tropism 
can cause viscerotropic disease (Kemenesi and Bányai, 2019). 
I. ricinus-associated POWV modulates dendritic cell responses, 
pro-inflammatory cytokines, TNF-α, IL6, and immune cells at the 
biting site (Kemenesi and Bányai, 2019). The pattern-recognition 
receptors (PRRs) (host cells express helicases that function similarly 
to PRRs) and toll-like receptors recognize the POWV pathogen 
(Diamond et  al., 2009; Clarke et  al., 2021). These PRRs induce 
pro-inflammatory cytokines, IFN-α, and dendritic cells to mount an 
immune response against the invading POWV (Kawai and Akira, 
2006; Kemenesi and Bányai, 2019). Viral recognition by dendritic cells 
regulates multiple pathways, including increased expression of 
MHC-II, T-lymphocytes (T helper and T cytotoxic cells), 
pro-inflammatory cytokines, and chemokines via molecular signaling 
(Masson et al., 2008; Diamond et al., 2009; Clarke et al., 2021), as 
determined in acute human infections (Blom et al., 2015). Another 
study reported a significant response of natural killer cells against 
POWV infection in humans (Blom et  al., 2016). The antibody 
response in POWV diseases appears at the end of the viremia phase 
when IgM levels rise within 1–2 days of infection. On the other hand, 
IgM titers show a slight increase in secondary infections, whereas the 
IgG response is rapid and effective in eliminating POWV infection 
(Kemenesi and Bányai, 2019). Infected individuals experience flu-like 
symptoms, i.e., chills, headache, mild fever, sore throat, neurological 
complications, apnea, cognitive deficits, dysarthria, encephalitis, 
memory impairment, spasticity, and psychosis. Clinical diagnosis is 
generally based on symptoms, signs, and a person’s exposure history 
to ticks. According to serological diagnosis, a fourfold increase in 
POWV-specific IgG makes the presence of POWV in blood serum, 
tissue, or cerebrospinal fluid standard for laboratory diagnosis. IgM, 
which appears 6–14 days following infection, can be  detected via 
ELISA (Kemenesi and Bányai, 2019). Further, the presence of POWV 
antibodies in patient serum at the CDC Laboratory in Ft. Collins, 
Colorado, emphasizes the need to adopt preventive measures to avoid 
infections (CDC, 2022). Due to the lack of effective medications/
vaccines for Powassan virus prevention, people should be educated on 
how to avoid tick bites by treating their clothing with permethrin 
solution after outdoor activities in tick-endemic areas (Connally et al., 
2019). People should also be educated on how domestic animals or 
pets can bring ticks into their homes, and a thorough tick inspection 
of animals after outdoor activities is recommended.
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4. Omsk hemorrhagic fever virus

OHFV is a type of flavivirus that causes hemorrhagic fever 
primarily in the western Siberian region, including Omsk, 
Novosibirsk, Kurgan, and Tyumen (Růžek et al., 2010; Zhang et al., 
2019). Ticks (D. reticulatus, D. marginatus, and I. persulcatus) transmit 
OHFV to humans and animals after feeding on infected hosts (Wagner 
et  al., 2022). The D. reticulatus has evolved several extraordinary 
characteristics; for example, it has a high reproduction rate, a rapid life 
cycle completion, can survive underwater for months, and has a 
diverse host range (Földvári et al., 2016), which could enable OHFV 
transmission outside Russia (Wagner et  al., 2022). In Russia, 
Dermacentor ticks serve as parasites that feed on small mammals, wild 
ungulates, domestic animals, and humans throughout their life cycle 
(Růžek et al., 2010), as shown in Figure 1C. According to evidence, 
ticks transmit OHFV to rodents (muskrats, narrow-skulled voles, and 
water voles) after feeding on an infected host. Moreover, OHFV has 
also been isolated from mosquitoes, Coquilletidia richiardii, 
Ochlerotatus excruciates, and yellow pygmy rice rat, Oligoryzomys 
flavescens (Wagner et  al., 2022). Findings also show that OHFV 
isolated from different ticks and hosts differs from the early isolated 
strains (Růžek et al., 2010; Zhang et al., 2019).

4.1. Epidemiology

In mammalian cell lines, OHFV induces cytotoxic effects, i.e., 
changes in the cell through oxyphilic cytoplasmic inclusion formation 
(Růžek et  al., 2010). It was speculated that the introduction of 
muskrats to Siberia might be responsible for the OHFV emergence, as 
the area was disease-free before (Růžek et al., 2010). Russians and 
Kazakhstanis have reportedly been aware of OFHV’s chronic and fatal 
infections (Ruzek et al., 2013; Wagner et al., 2022). Recently, Wagner 
and researchers reported OHFV incidence outside Russia (i.e., in the 
Republic of Kazakhstan) (Wagner et al., 2022). It was speculated that 
the virus could spread outside of endemic areas due to several factors, 
particularly climate change, shifting/migrating mammals, or birds that 
may carry tick vectors.

4.2. Pathogenesis, and disease 
manifestations

Although OHFV is potentially pathogenic in endemic areas, little 
is known about its underlying pathogenic mechanism or the immune 
response in infected individuals. Research findings show that the virus 
has a high affinity for hemopoietic (hematopoietic tropism) and 
vascular tissues (vascular tropism). However, in vivo, studies have 
investigated OHFV pathogenesis in laboratory mice and non-human 
primates. A study’s findings show that OHFV infection in BALB/c 
mice developed mild meningoencephalitis and significant cerebellar 
disorders (Holbrook et al., 2005), similar to symptoms previously 
described in OHFV-infected humans (Holbrook et al., 2005). The 
effects on the CNS and vascular systems were most prominent. 
Hemorrhages, focal glial cell proliferation, and perivascular 
inflammation infiltrate the brain parenchyma, causing CNS disorders 
(Holbrook et al., 2005). The OHFV infection did not cause paralysis 
or a fatal cerebrum infection. Distinct pathological findings in the 

OHFV-infected mice’s spleens revealed different immune responses, 
supporting the BALB/c mouse as an OHFV disease model (Holbrook 
et  al., 2005). Generally, information is scarce on the impact of a 
persistent OHFV infection on its natural hosts. Laboratory tests detect 
a fatal neuro-infection (Shestopalova et al., 1972) in the susceptible 
wild muskrat (Ondathra zibethicus) after an extraneural or 
intracerebral injection (Kharitonova and Leonov, 1986). Other wild 
vertebrates show mostly asymptomatic diseases with viremia 
(Kharitonova and Leonov, 1986; Růžek et al., 2010). Some infected 
animals showed poor mobility, weakness, and hyperpnoea. In 
addition, the cerebellum and brain hemispheres accumulated the 
highest viral load, followed by the lungs, kidneys, blood, feces, spleen, 
and liver (Shestopalova et al., 1972). The viral persistence in infected 
subcutaneous tissues and internal organs is a defining characteristic 
of the pathogenesis processes in mice. In severe infections, OHFV 
may cross the blood-barrier and infiltrate the brain, resulting in 
increased INF production in the CNS of baby mice (Hofmann et al., 
1969). Further, edema in the infected mice causes sensory disturbances 
that may lead to collapse and shock (WHO, 1985), which may also 
increase the host’s susceptibility to other pathogens (Novitskiy, 1948). 
In a study, OHFV-infected mice developed pneumonia, paralysis 
(Chumakov, 1948), meningoencephalitis with a high viral load in the 
cerebellum, and other pathological findings such as enlarged spleens 
and impaired gastrointestinal tracts, kidneys, and liver (Růžek et al., 
2010; Li et al., 2021). In contrast, the infected macaques (Macaca 
radiata) showed no obvious pathological or histological symptoms, 
and no virus was isolated from their blood. Furthermore, high 
aminotransferase levels were observed, indicating viral replication in 
the liver (Kenyon et al., 1992). Direct contact with an infected animal’s 
blood, body fluids, virus-carrying tick bites, or the feces/urine of an 
infected or dead rodent can result in chronic infection (Ruzek et al., 
2013; Wagner et al., 2022). There has been no evidence of person-to-
person transmission so far. High-grade fever, headache, cough, 
myalgia, moderate to severe hemorrhagic manifestations, pneumonia, 
nephrosis, and meningitis are all symptoms of OHF, with a mortality 
rate ranging from 0.4 to 3% (Kharitonova and Leonov, 1986; Růžek 
et al., 2010; Zhang et al., 2019). Currently, no specific treatment or 
vaccine is available to treat or prevent OHF; however, symptoms can 
be treated to minimize disease manifestations (Orlinger et al., 2011). 
Based on the antigenic similarity, available tick-borne encephalitis 
(TBE) vaccines were used as a preventive measure against OHFV 
during the 1991 outbreak. However, no clinical data support the 
vaccine’s efficacy for complete prevention (Růžek et al., 2010). General 
disease management strategies include early hospitalization, drinking 
more water, and a nutritious diet supplemented with potassium, 
chloride, and vitamins K and C, which are recommended for quick 
recovery. OHF can be diagnosed based on clinical and epidemiological 
observations. ELISA is crucial for the accurate diagnosis of antibody 
titers in OHFV patients’ serum samples following 1–3 weeks of 
infection (Růžek et al., 2010; Orlinger et al., 2011).

5. Kyasanur forest disease virus

The KFDV is a TBFV that spreads from infected mammals, 
notably monkeys, to humans via H. spinigera bites. The KFDV 
transmission cycle involves multiple Haemaphysalis species, notably 
H. spinigera, some Ixodes species, and hosts, such as bats, birds, 
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monkeys, rodents, and shrews (Pattnaik, 2006). KFD 
disproportionately impacts low-income rural communities in India, 
including forestry workers and smallholder farmers who harvest 
non-timber forest products (Pattnaik, 2006; Burthe et al., 2021), which 
may be  attributed to their intervention in the natural ecosystem. 
However, no study confirms direct virus transmission from human to 
human (Shah et  al., 2018; Bhatia et  al., 2020). According to 
experimental evidence, adult female ticks transmit the KFDV to their 
offspring (Matser et al., 2009; Burthe et al., 2021).

5.1. Epidemiology

In southern India, this TBV causes a devastating, deadly 
hemorrhagic disease with approximately 500 cases and a 10% 
mortality rate per year (Pattnaik, 2006). KFDV was first isolated from 
a sick monkey in the Kyasanur Forest in Karnataka State, India, in 
1957. KFDV is carried by ticks, Hemaphysalis spinigera, after being 
bitten by an infected tick, rodents, shrews, and monkeys, causing 
epizootics with high fatality in primates (Pattnaik, 2006; Burthe et al., 
2021). Asymptomatic infections result in KFDV-specific antibody 
responses (Stone, 2014). Ticks also transmit the virus between the 
co-feeding ticks, i.e., without involving hosts (Randolph, 2011). 
Several reports have discussed the route of KFDV transmission from 
tick to human after being bitten or having direct contact with an 
infected Haemaphysalis species (becomes infected by feeding on viral 
reservoirs). Humans are merely incidental hosts for the KFDV and 
play no role in disease transmission (Matser et al., 2009), representing 
the KFDV as a spillover pathogen from wildlife reservoirs. However, 
no empirical data exist that describe the role of tick species that 
transmit KFDV to their hosts (Burthe et al., 2021). This virus affected 
those who visited the forests to cut wood, graze cattle, and engage in 
other agricultural-related activities. In the early stages of the disease, 
insect collectors on their way to investigating outbreaks become 
infected. Since 2005, KFD cases have increased, with recent outbreaks 
in neighboring Karnataka districts like Chikamagalur, Dakshina 
Kannada, Uttar Kannada, and Udupi, Karnataka, India (Gurav et al., 
2018). The disease has now spread to Maharashtra, Kerala, Tamil 
Nadu, and Goa because of deforestation, agricultural use of 
forestlands, and subsequent displacement of land and animals (Burthe 
et al., 2021). A household survey of smallholder farmers, forest users, 
and native tribes in KFD-affected regions revealed that 69% of the 
respondents were concerned about the disease’s repercussions, 
highlighting it as a major public health issue (Asaaga et al., 2021).

5.2. Pathogenesis, and disease 
manifestations

Humans, wild rodents (i.e., shrews, squirrels, white-bellied/white-
tailed rats), bats, black-faced langurs, bonnet macaques, grey langurs, 
ground-nesting birds, Indian crested porcupines, cattle, and gerbils 
are all susceptible to the KFDV infection (Sreenivasan et al., 1986; 
Muraleedharan, 2016; Bhatia et al., 2020). Infected macaques exhibit 
leucopenia, thrombocytopenia, and high levels of alkaline 
phosphatase, alanine transaminase, and nuclear material phagocytosis 
in the peripheral-endothelial system. KFDV causes hemorrhagic 
disease, implying the presence of molecular determinants within the 

genome linked to viral pathogenicity. The E protein is a critical causal 
element of tissue tropism, mediating virus entry into the host cell and 
is responsible for virus immunogenic and phenotypic properties, 
thereby playing important roles in pathogenesis and immune evasion 
(Barker et al., 2009). The virus targets the endothelial cells lining the 
blood vessels, causing endothelial damage and leakage, bleeding, 
organ damage, and even shock in severe cases. High fever (lasting 
6–11 days), anorexia, abdominal pain, cough, body ache, diarrhea, 
headache, insomnia, leucopenia, myalgia, thrombocytopenia, 
increased intravascular permeability, prolonged clotting time, 
bleeding from the gums/nose (Shah et al., 2018; Bhatia et al., 2020; 
Gupta et  al., 2020), decreased heart rate, elevated creatinine 
phosphokinase, and elevated blood urea nitrogen levels are among the 
KFD symptoms (Bhatia et al., 2020). The infected person may also 
express reduced eosinophils, neutrophils, and lymphocyte counts 
within the first week of illness. About 10–20% of KFDV patients 
experience a secondary phase relapse (Muraleedharan, 2016), 
characterized by neurological disorders, including confusion, 
convulsions, drowsiness, tremors, etc. KFDV infection is diagnosed 
based on clinical symptoms and confirmed by laboratory tests. Virus 
isolation is the gold standard for diagnosing KFDV infection but it is 
risky and expensive. Molecular diagnosis, particularly the reverse 
transcription loop-mediated isothermal amplification (RT-LAMP) 
assay, is a quick, sensitive method for detecting KFDV infection and 
would be useful for high throughput screening of clinical samples 
(Kumar et  al., 2021). The Indian Council of Medical Research 
developed the first vaccine to prevent KFDV (Bhatia et al., 2020); 
although the vaccine is safe, but has a low efficacy rate in humans 
(only 62%) (Kasabi et  al., 2013). KFDV case is not treatable with 
antiviral medications; however, disease complications can be treated 
based on the signs and symptoms. Supportive therapies, such as 
intravenous electrolyte transfusions and maintaining oxygen levels 
and blood pressure, are suggested to manage patient health status 
(Bhatia et al., 2020).

6. Colorado tick fever virus

The CTFV member of the Reovirales order, Spinareoviridae family, 
and Coltivirus genus comprises a 12-segmented dsRNA genome 
(Owen et al., 2021). The CTFV genome is approximately 29,000 base 
pairs in size and contains an icosahedral capsid of about 80 nm in size 
(CDC, 2021a). CTF is a rare viral disease spread in humans by CTFV-
infected Rocky Mountain wood tick (D. andersoni) bites (CDC, 
2021a). Ticks become infected after feeding on the blood of host 
animals, such as rodents, squirrels, chipmunks, etc. Other animals, 
such as elk, marmots, and deer, can also be infected by D. andersoni 
(CDC, 2021a).

6.1. Epidemiology

Infected D. albopictus, D. arumapertus, D. andersoni, 
D. occidentalis, Haemaphysalis leporispalustris, Otobius lagophilus, 
I. sculptus, and I. spinipalpis may also transmit the CTFV to animals 
(Attoui et  al., 2005); however, there is no evidence of CTFV 
transmission from person to person. Virus transmission via blood 
transfusion cannot be ignored due to the evidence that CTFV can live 
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for several months in human and animal red blood cells, suggesting 
that blood donation should be avoided for at least 6 months after 
CTFV infection (CDC, 2021a). Approximately 400 CTF cases have 
been reported each year, with 0.02 cases per 1 million people between 
2002 and 2012 (Yendell et  al., 2015), whereas only 59 cases were 
reported to the CDC from 2010 to 2019 (CDC, 2021a). As of 
September 2020, CTF cases were reported in Arizona, Colorado, 
Dakota, Idaho, New Mexico, Montana, Oregon, South Utah, and 
Wyoming (CDC, 2021a). In addition, CTFV has been reported in 
Canada (British Columbia and Alberta).

6.2. Pathogenesis, and disease 
manifestations

The incubation period, i.e., the time between a tick bite and the 
onset of illness, can range from 1 to 14 days (Romero and Simonsen, 
2008; Burrell et al., 2016). Hospitalization is required in approximately 
20% of severe CTF cases with hemorrhagic fever, meningitis, and 
meningoencephalitis (Romero and Simonsen, 2008; Burrell et  al., 
2016). In children, fatal CNS or hemorrhagic complications are 
commonly attributed to intravascular coagulopathy (Bennett et al., 
2019), bleeding, and shock (Romero and Simonsen, 2008), with 5 to 
10% of deaths. Persistent viremia is caused by virus replication in 
erythroblasts, reticulocytes, and CD34+ hematopoietic cells (Attoui 
et  al., 2005). According to a survey, only 6.6% of D. andersoni in 
Western Montana were infected with CTFV (Williamson et al., 2019), 
indicating the virus’s persistent infection by targeting skin endothelial 
cells (Owen et al., 2021). Endothelial cells play an essential role in 
homeostasis, regulation, and molecular trafficking by controlling 
vascular permeability and coagulation (Mai et al., 2013). In addition, 
endothelial cells facilitate immune cell trafficking, antigen 
presentation, and the production of increased pro-inflammatory 
cytokines and chemokines. In the case of severe infections, the 
induced pro-inflammatory cytokine/chemokine levels, innate 
immune response, and inflammatory response may cause endothelial 
cell injury, vascular dysfunction, or even patient death (Owen et al., 
2021). In vitro, CTFV caused cytopathic effects on BHK21 cell lines, 
KB cell lines, glial progenitor cell lines, and hematopoietic stem cell 
lines (Owen et al., 2021). A study found that after CTFV infection, 
HMEC-1 human cell lines died via an apoptotic-like pathway that was 
not dependent on caspase-3/7 activity. Furthermore, in the presence 
of caspase inhibition, the HMEC-1 accumulated fewer viruses (Owen 
et al., 2021). CTF symptoms are typically flu-like, with fever, headache, 
muscle aches, and fatigue, but the illness can progress to more serious 
complications such as meningitis or encephalitis (Romero and 
Simonsen, 2008; Burrell et al., 2016). Serological tests are typically 
used in laboratory diagnosis, and supportive treatment is required. 
Although CTFV infection cannot be treated due to a lack of specific 
viral medications or vaccines, the risk of infection can be reduced by 
taking preventive measures (Burrell et al., 2016; CDC, 2021a), such as 
avoiding unnecessary exposure to tick-infested areas (WDH, 2022).

7. Crimean-Congo hemorrhagic fever 
virus

CCHFV, which causes CCHF, is one of the most severe viral 
diseases in humans. The virus is transmitted via ixodid ticks, 

particularly those of the genus Hyalomma, and is initially characterized 
by unspecific signs and symptoms (Rathore et al., 2021). The CCHFV 
genome is a tri-segmented, negative-sense ssRNA with a conserved 3′ 
and complementary 5′ ends, allowing the RNA to form a looped 
structure. The small (S) segment (∼1.6 kb in size) encodes the 
multifunctional nucleocapsid (N) protein, which is an important 
virion structural component and is involved in viral infection. The 
medium (M) segment (∼5.4 kb in size) encodes a glycoprotein 
precursor, which is further processed into glycoprotein-N (Gn), 
glycoprotein-C (Gc), and other non-structural proteins. CCHFV 
envelope glycoproteins have a crucial role in virus formation, RNA 
binding, oligomerization, and infectivity (Erickson et  al., 2007). 
CCHFV invades the host cell through clathrin-mediated endocytosis 
and fuses with endosomal membranes (Bertolotti-Ciarlet et al., 2005). 
A recent study found that a single amino acid substitution in the 
CCHFV glycoprotein significantly reduced viral fusion with human 
cells, indicating that a glycoprotein variant in ticks may reduce viral 
infectivity in humans (Hua et al., 2020). This suggests that extensive 
CCHFV genome sequence variability may contribute to divergent 
clinical outcomes. In addition, to tick bites, CCHFV can be transmitted 
to humans through direct contact with infected animal tissues or other 
bodily fluids (i.e., during slaughter, handling of meat, or caring for 
infected patients). Furthermore, nosocomial outbreaks in healthcare 
settings have been reported in which infected blood or bodily fluids 
were handled incorrectly, resulting in human-to-human transmission 
(Tsergouli et al., 2020).

7.1. Epidemiology

CCHF transmitted via Hyalomma species, is widely distributed 
in Asia (Iraq, Iran, India, China, Pakistan, Afghanistan, Russia, 
Tajikistan, Uzbekistan, Kazakhstan, Kuwait, Oman, UAE, and 
Saudi Arabia) (Al-Abri et al., 2017), Africa (Sudan, Kenya, Egypt, 
Nigeria, Senegal, Chad, Uganda, Tanzania, South  Africa, 
Mauritania, and Congo) (Temur et al., 2021), and Europe (Albania, 
Bulgaria, Turkey, Greece, Georgia, and Spain) (Maltezou et  al., 
2010; Figure  4B). In humans, the time required for the virus 
infection to cause hemorrhage is approximately 5–6 days. The first 
case of CCHFV was reported in a 51-year-old man in Tintane, 
Assaba, Mauritania, who had abdominal pain, diarrhea, vomiting, 
a 41°C body temperature, epistaxis, gingivorrhagia, diffuse 
ecchymosis, severe anemia, thrombocytopenia, etc. (Boushab et al., 
2020). Later, an unusual CCHF case was reported in Nouakchott, 
Mauritania (Kleib et al., 2016), raising the prospect of the virus 
spreading from Mauritania to West Africa (Kleib et al., 2016). These 
findings, combined with CCHF cases and other findings in 
neighboring countries such as northwestern Senegal (Tall et al., 
2009) and Mauritania (Kleib et al., 2016), suggest that CCHF is 
endemic in West Africa, emphasizing accurate disease diagnosis 
and raising awareness. CCHF was first described in Turkey in 2002, 
and more than 9,000 human cases were confirmed in 2015. During 
the COVID-19 pandemic, another CCHF outbreak occurred in 
Turkey (Leblebicioglu et al., 2016). Later, the Turkish Ministry of 
Health confirmed 243 CCHF human cases with 13 deaths 
(Infectiousdiseasenews, 2021). Most of the CCHF cases were 
reported in northern, eastern, and central Anatolia, where 
agricultural hubs exist, as well as the central Black Sea region 
(Daily-Sabah, 2022). Apart from disease awareness campaigns in 
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areas where cases are more common, the State Ministry of 
Agriculture and Forestry initiates programs to eradicate the tick 
Hyalomma marginatum in endemic regions. From January 1 to May 
22, 2022, Iraq’s health authorities notified the WHO of 212 cases of 
CCHF, of which 115 were suspected, and 97 polymerase chain 
reaction (PCR) confirmed cases, with an overall of 27 deaths (14 
suspected and 13 PCR-confirmed cases). These reported cases are 
significantly higher than the 33 PCR-confirmed reported cases in 
2021. Cases have been reported in several areas of Iraq, and the 
outbreak may put additional strain on an already overburdened 
healthcare system. Most confirmed cases had a history of direct 
contact with animals, including butchers and livestock breeders. 
Over half of the confirmed cases were among males aged 
15–44 years (WHO, 2022c). Travelers from CCHF endemic 
countries were responsible for transmitting the virus to the 
non-endemic regions of the United  Kingdom (for example, 
imported from Bulgaria and Afghanistan) (Chamberlain et  al., 
2013; Lumley et  al., 2014), France (tourists from Senegal) (Tall 
et  al., 2009), Germany (an American soldier returning from 
Afghanistan) (Conger et al., 2015), and a traveler from Bulgaria 
(Olschläger et al., 2011). In Iran, CCHF cases have been reported 
in almost every province. In a study, four sheep (three from 
Gachsaran and one from Dena regions) reported positive for 
CCHFV IgG, indicating virus circulation in Kohgiluyeh and Boyer-
Ahmad Province, Iran. This finding suggests comprehensive 
monitoring programs to understand the CCHFV’s circulation in 
ticks and host animals (Ghasemian et  al., 2021). In 1998, 19 
confirmed CCHF cases were reported in northeastern Afghanistan, 
making them the country’s first documented cases. Later, an 
outbreak was reported in Afghanistan in 2008 (Mofleh and Ahmad, 
2012). Regarding seasonal prevalence, the highest CCHF cases 
found from June to September probably coincide with Eid-al-Adha, 
with 13.7% of butchers and 11.8% of shepherds being two high-risk 
occupations in Afghanistan for CCHFV infection (Qaderi et al., 
2021). ELISA and immunofluorescence assays detected CCHFV-
specific IgG in 19% of sheep and 5% of goat serum samples in 
Balochistan, Pakistan (Kasi et al., 2020). In addition, this cross-
sectional study also identified potential risk factors for CCHF 
seropositive sheep and goats. For example, open housing systems, 
grazing, vegetation in or around the yard, a lack of tick preventive 
measures, rural poultry absence, and tick-infested animals were all 
significant risk factors for CCHFV. Identifying risk factors may aid 
in lowering the CCHFV infection risk in cattle and humans (Kasi 
et al., 2020). A recent study examined the seroprevalence of CCHFV 
in sheep sera (n = 176) and found that CCHFV-specific antibodies 
were detected in 17 sera, indicating CCHFV circulation in the 
westernmost region of the Balkans, Bosnia and Herzegovina, which 
raises concerns about CCHFV transmission out of this region 
(Satrovic et al., 2022). A cross-sectional survey tested 800 humans, 
666 cattle, 549 goats, and 32 dogs’ sera samples from the Ugandan 
cattle corridor for CCHFV-specific IgG antibodies. Results show 
221/800 CCHFV seropositivity in humans, 612/666  in cattle, 
413/549  in goats and 18/32  in dogs. Human seropositivity was 
significantly associated with livestock farming, age, and collecting/
eating engorged ticks. High CCHF seropositivity among livestock 
farmers, including collecting/eating engorged ticks, highlights the 
need for further surveillance and disease control strategies (Atim 
et al., 2022).

7.2. Pathogenesis, and disease 
manifestations

The first contact between the tick-host occurs during the tick’s bite 
or feeding on the host. The tick secretes saliva into the feeding lesion, 
via which pathogens mediate vertebrate host inflammatory and 
immune responses (Kaufman, 1989). Despite the host’s inflammatory 
and immune responses, the tick attaches to hosts for blood-feeding 
via the pharmacy located in its salivary glands (Connolly-Andersen 
et al., 2007). CCHFV Gn and Gc help their attachment to the target 
cell surface receptors. An interaction between viral Gn/Gc and target 
cell surface protein (i.e., nucleolin found within nucleoli may work as 
a putative entry factor) (Xiao et al., 2011) demands deep investigations 
to unveil the role of nucleolin in CCHFV internalization. CCHFV 
enters the cells using clathrin and the clathrin pit adaptor protein-2 
complex (Simon et al., 2009; Garrison et al., 2013). CCHFV particles 
enter the cell and travel to endosomes and vesicular bodies, where the 
virus envelope fuses with cellular membranes. Cellular microtubulin 
and actin filaments are essential for CCHFV internalization, 
replication, and progeny production (Andersson et al., 2004; Simon 
et al., 2009). It has also been shown that the virus Gn interacts with 
cellular chaperones of the heat shock protein 70 families in association 
with DnaJ cofactor adapter proteins, which play roles in folding and 
transporting newly synthesized proteins (Surtees et  al., 2016). 
Aquaporin 6 protein (a channel that facilitates water and small solutes 
across the plasma membrane) has also been shown to be involved in 
CCHFV replication (Molinas et al., 2016). DC-SIGN (C-type lectin) 
expressed on the surface of antigen-presenting dendritic cells probably 
acts as an entry factor for CCHFV (Suda et al., 2016). CCHFV highly 
replicates in epithelial cells, dendritic cells, and tissue-resident 
macrophages at the inoculation site. Apart from increased macrophage 
counts, more natural killer cells, CD4+, and CD8+ lymphocytes have 
been observed in CCHFV infections (Yilmaz et al., 2008; Akinci et al., 
2009). As the disease progresses, the uncontrolled apoptosis of T 
lymphocytes contributes to lymphopenia (reduced lymphocyte count) 
in a STAT-1 knockout mouse model (Bente et al., 2010). These cells 
facilitate virus spread and infect local lymph nodes and peripheral 
blood-borne monocytes (Connolly-Andersen et  al., 2007; Akıncı 
et al., 2013). The infection of endothelial cells and peripheral blood-
borne monocytes results in extravasation into parenchymal tissue, 
enabling virus interaction with basolateral cell receptors (Connolly-
Andersen et  al., 2007). Secondary replication in these body parts 
facilitates systemic virus spread (Akıncı et al., 2013), as demonstrated 
by an experimental animal model: viral replication occurs in the blood 
on the first day of infection, then in the spleen and liver on the second 
day, and then spreads systemically to the lungs, kidneys, and brain 
(Bente et al., 2010). Endothelial cell damage is responsible for cellular 
hemostasis failure by platelet stimulation and degranulation as well as 
activation of the intrinsic coagulation cascade in host organs (Weber 
and Mirazimi, 2008; Bodur et  al., 2010). It has been shown that 
CCHFV non-structural proteins may induce apoptosis via both 
intrinsic and extrinsic pathways (Barnwal et al., 2016). The induced 
apoptosis was attributed to releasing cytokines and chemokines from 
CCHFV-infected cells (Weber and Mirazimi, 2008; Barnwal et al., 
2016). In vitro study showed that RIG-I acts as a PRR for CCHFV and 
mediates type I IFN response (Spengler et al., 2015). Tick cell lines 
enable CCHFV studies to offer an alternative approach to 
understanding tick cells’ response to invading viruses (Bell-Sakyi 
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et al., 2012). In vivo, CCHFV transmission has been established using 
IFN knockout mice, an additional tool for studying tick-pathogen 
interactions(Gargili et al., 2013). CCHF manifestations include high 
fever, myalgia, dizziness, neck pain and stiffness, backache, headache, 
sore eyes, nausea, vomiting, diarrhea, abdominal pain, 
thrombocytopenia, leukopenia, and elevated liver enzyme levels. After 
a few days, the agitation may be replaced by sleepiness, depression, 
and lassitude, and the abdominal pain may localize to the upper right 
quadrant, with detectable liver enlargement. Patients may also 
experience a fast heart rate, enlarged lymph nodes, and a petechial 
rash on internal mucosal surfaces. There is usually evidence of 
hepatitis; severely ill patients may experience rapid kidney 
deterioration and sudden liver or pulmonary failure following an 
illness. The CCHF mortality rate is approximately 30%, with deaths 
occurring in the second week of illness (Yakut et al., 2021; WHO, 
2022a). In brief, over the last decade, considerable progress has been 
made in exploring cellular components involved in tick-host-pathogen 
interactions; however, there is limited knowledge in the case of 
CCHFV due to its high-level containment requirement. Identifying 
the underlying molecular drivers that promote CCHFV survival in 
tick vectors may allow us to disrupt these processes and reduce tick 
populations and CCHF prevalence (de la Fuente et  al., 2017). 
Moreover, the identification of the signaling pathways taking place 
during CCHFV-host interactions provides the opportunity to design 
novel control strategies for CCHF.

8. Heartland virus

The genus Bandavirus, classified under the order Bunyavirales, 
family Phenuiviridae, including HRTV, Dabie bandavirus (SFTSV), 
etc., poses threats to public health. The genus Bandavirus contains 
viruses that comprise three segments, i.e., small (S ~ 1.7 kb in size), 
medium (M ~ 3.2 kb in size), and large (L ~ 6.4 kb in size) (Adams 
et al., 2017). The M segment encodes Gn and Gc, which are crucial for 
the viral interaction with host receptors to neutralize host immune 
responses (Walter and Barr, 2011). The S segment encodes the 
structural protein nucleocapsid (N). In addition, the L segments 
synthesize NS proteins (RNA-dependent RNA polymerase). The viral 
Gn and Gc fused with the host cell’s DC-SIGN, heparan-sulfate, and 
non-muscle myosin heavy-chain IIA receptors. This interaction is 
mediated by the viral Gc and is a critical step for pathogenesis. HRTV 
replication is complete in the host cell’s cytoplasm and begins with the 
release of ribonucleoproteins, followed by the synthesis of new viral 
RNA. Ribonucleocapsids are formed in the Golgi apparatus, and 
progeny virions are exocytosed via the plasma membrane (Spiegel 
et al., 2016).

8.1. Epidemiology

HRTV transmitted by tick bites (A. americanum) was first 
reported in northwestern Missouri in 2009 (Pastula et al., 2014). In 
2010, a tick-borne phlebovirus caused similar symptoms in China, 
Korea, and Japan, whereas a bat-borne, Malsoor virus, was responsible 
for HRTV-like symptoms in western India (Mourya et al., 2014). In 
2018, two HRTV-infected cases were reported in Illinois, United States 
(McMullan et  al., 2012). HRTV is closely related to the Albatross 
Hunter Island virus, isolated from Ixodes species and dying sea birds 

in Australia (Gauci et al., 2015). As of January 2021, more than 50 
HRTV cases had been reported in midwestern regions (such as 
Illinois, Indiana, and Iowa), southwestern (Arkansas), southeastern 
(Georgia, Kentucky, North Carolina, and Tennessee), midwestern 
(Kansas and Missouri), and south-central (Oklahoma) of the 
United States. It has been shown that all local populations and visitors 
to HRTV endemic areas are at increased risk (Tuten et al., 2020; CDC, 
2021b). Most patients reported seeing ticks (A. americanum) on their 
bodies 2 weeks before becoming ill (Brault et  al., 2018). A study 
reported A. americanum’s presence on the bodies of two HRTV-
positive adult males (Tuten et al., 2020), indicating that the virus is 
widespread in these ticks in Illinois. The emergence of HRTV is a 
significant concern because of the geographic distribution and 
increased abundance of A. americanum (Tuten et al., 2020). Some 
HRTV patients have a high viral load in their bloodstream, indicating 
that healthy people in contact with patient blood are at an increased 
risk of getting infections (Brault et al., 2018). HRTV case mortality has 
ranged from 13 to 16%, with the highest rate occurring in 50-year-old 
men with sepsis and multiple organ failure (Fill et al., 2017). The first 
fatal case was an 80-year-old Tennessee man who died after being 
hospitalized with fever, leukopenia, thrombocytopenia, organ failure, 
and bleeding. In the post-mortem, HRTV was detected in the spleen 
and lymph node samples (Muehlenbachs et al., 2014).

8.2. Pathogenesis, and disease 
manifestations

HRTV disease symptoms are very similar to tick-borne 
ehrlichiosis, transmitted via the same tick (A. americanum). For 
example, two HRTV-infected farmers in northwestern Missouri 
developed ehrlichiosis-like mild fever, leukopenia, and 
thrombocytopenia (Pastula et al., 2014). A study injected HRTV into 
animals to assess potential vertebrate hosts and establish a tick-
vertebrate model for evaluating vector competence. Seronegative 
raccoons from various fields in the Midwestern United States were 
challenged with HRTV and produced a high rate of neutralizing 
antibodies (Bosco-Lauth et al., 2015; Riemersma and Komar, 2015). 
None of the susceptible raccoons demonstrated disease signs or a 
detectable HRTV load (Bosco-Lauth et  al., 2016). In a similar 
experiment, naive goats exposed to SFTSV experienced high viral 
loads (Jiao et al., 2015). In contrast, goats exposed to SFTSV-infected 
ticks and virus-infected needles failed to develop detectable viremia 
(Jin et al., 2012). In an experiment, goats were exposed to SFTSV-
infected ticks, suggesting that a long-term vertebrate host’s exposure 
to ticks could result in high viral loads sufficient to infect other ticks 
(Jin et al., 2012). A study also found that after being inoculated with 
HRTV, experimental mouse models failed to develop lesions or 
detectable viremia. In addition, HRTV-infected chickens, rabbits, and 
hamsters could not produce antibodies against the HRTV infection 
(Bosco-Lauth et  al., 2016). This study further reports that when 
outbred CD-1 mouse models (immune-competent mice) were 
inoculated with HRTV, they failed to demonstrate neurovirulence 
(Bosco-Lauth et al., 2016). A dose-dependent response was observed 
in INF-type-I and -type-II deficient mice when a lethal dose of 50% 
of 10 plaque-forming units of HRTV was administered 
intraperitoneally, given that the low feeding efficiency of ticks in 
immune-compromised mice may differ from that of HRTV-infected 
vertebrates (Bosco-Lauth et  al., 2016). On the other hand, 
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SFTSV-inoculated immune-competent mice exhibit pathological 
abnormalities similar to those seen in HRTV patients with 
leukopenia, thrombocytopenia, and elevated liver transaminases. 
These manifestations were mild, and the SFTSV replication was 
restricted to the spleen (Jin et al., 2012), indicating a protective INF 
response within mouse models. Hamsters deficient in INF type-I 
signaling were susceptible to HRTV lethality, indicating that rodents’ 
protective INF response against HRTV infection was well-established 
(Westover et  al., 2017). Phleboviruses infect mononuclear cells, 
eliciting strong INF-type-I reactions (Wuerth and Weber, 2016). 
More research is needed to determine these cells’ direct and indirect 
roles in HRTV trafficking within hosts and their precise roles in 
pathological abnormalities in humans. Fever, fatigue, anorexia, 
diarrhea, leukopenia, thrombocytopenia, and elevated liver 
transaminases were all symptoms of HRTV infection (McMullan 
et al., 2012). Other disease symptoms are headaches, nausea, myalgia, 
arthralgia, and weakness. Some patients reported a local rash 
frequently associated with the initial tick bite (Brault et al., 2018). 
Patients with fever, leukopenia, and thrombocytopenia should seek 
laboratory testing in A. americanum endemic areas (Staples 
et al., 2020).

In brief, the evidence presented above shows that ticks transmit 
the most diverse array of infectious agents to animals and humans. 
Thus, there is a need to explore the global distribution of ticks that 
transmit infectious diseases to humans and animals. Further, there is 
a need to develop the latest novel diagnostic tools and treatment 
options to control these diseases. Interestingly, clinical manifestations 
in infected individuals highlight distinct features of each virus, such 
as thrombocytopenia in BRBV, CCHFV, HRTV, and KFDV. In some 
cases, TBV RNA and their associated induced IgM and IgG antibodies 
can be  detected in infected individuals with leukopenia, 
thrombocytopenia, and mild to moderate elevations of liver 
transaminases (CDC, 2019; Madison-Antenucci et al., 2020). There is 
a need to develop novel in vitro and in vivo models to understand 
TBV’s underlying pathogenic mechanisms, which will ultimately help 
with disease prevention and control measures.

9. Conclusions and future 
perspectives

Ticks transmit increased numbers of viral pathogens, such as 
BRBV, POWV, OHFV, CTFV, CCHFV, HRTV, and KFDV, which 
constantly threaten human and animal life worldwide, particularly 
those doing outdoor activities, increasing contact with ticks, their 
potential hosts. Ticks carrying viruses or their infected hosts’ 
migration from endemic areas may increase the risk of infections in 
humans and animals. Therefore, identifying ticks and their 
associated pathogens will be  of great importance in preventing 
TBV diseases.

Physicians should consider TBV infections in differential 
diagnostics in endemic regions, especially locally active TBVs, as most 
viruses are geographically restricted. Diseases occurring in remote 
areas should be reported to the local health department, which can 
issue preventive measures against ticks and their associated viruses. 
People should avoid contact with sick animals, particularly bats, 
muskrats, and monkeys, and avoid drinking non-pasteurized goat 
milk. The public should also be encouraged to report dead or sick 
animals, particularly muskrats or monkeys, as an early warning for 

TBV infections (WHO, 1985). In addition, short-term efforts should 
increase public awareness of the BRBV, POWV, CTFV, CCHFV, 
HRTV, and KFDV-associated illnesses. People should avoid 
unnecessary visits to tick-endemic areas. In case of visiting, certain 
preventive measures should be taken, such as wearing long-sleeved 
nylon clothes (WHO, 1985), apart from applying tick repellants 
containing n-n-diethylmetatoluamide and permethrin to the skin, 
clothes, and other items (Pages et al., 2014). Wearing light-colored 
clothing is suggested as an option for observing crawling ticks on the 
body before returning from tick-endemic areas. To prevent ticks from 
crawling up inside, pants legs should be tucked into socks, and long-
sleeved shirts should be tucked into pants. Furthermore, spraying 
permethrin-containing repellents on boots and clothing can deter tick 
attachment (WDH, 2022). It has strongly encouraged people to seek 
medical attention when they notice a tick on their body parts or 
experience their first sign in endemic areas.

Improved healthcare infrastructure, new diagnostic tools, and 
trained personnel should be  deployed in tick-endemic areas for 
disease control. Seasonal migratory birds, animals, or mammals may 
transmit ticks or TBVs across many regions and countries, suggesting 
that advanced research will aid in developing surveillance systems 
(such as radio-tracking) to track the emergence of TBVs. Surveillance 
programs should also identify relevant animals or mammals that help 
the tick vectors complete their life cycle. For example, birds and bats 
have gained attention due to their role in spreading ticks and their 
associated viruses during seasonal migration (Calisher et al., 2006; 
Buczek et al., 2020). Humans traveling with ticks or viruses from 
endemic areas have also gained attention for spreading TBV diseases 
(Tall et al., 2009; Lumley et al., 2014; Conger et al., 2015). Therefore, 
long-term efforts should be  directed toward various parameters 
influencing the ecological distribution of ticks to investigate global 
disease circumstances and countermeasures. There is an urgent need 
to develop new vaccines/drugs and make them available to inaccessible 
remote tick endemic areas for public immunization and 
disease management.
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Introduction: Tick-borne viruses (TBVs) pose a significant risk to the health 
of humans and other vertebrates. A class of multisegmented flavi-like viruses, 
Jingmen tick virus (JMTV) was first discovered in Rhipicephalus microplus ticks 
collected from Jingmen of Hubei Province, China in 2010. JMTV has been 
confirmed to have a relatively wide distribution in vectors and hosts and is 
associated with human diseases.

Methods: Parasitic and host-seeking ticks were collected in Wolong Nature 
Reserve, Sichuan Province. Total RNA was extracted and then enriched the viral 
RNA. The DNA library was constructed and then were sequenced with MGI High-
throughput Sequencing Set (PE150). After the adaptor sequences,low-quality 
bases and host genome were removed, resulting reads classified as a virus were 
subsequently de novo assembled into contigs, which were then compared to the 
NT database. Those annotated under the kingdom virus were initially identified as 
potential virus-associated sequences. Phylogenetic and Reassortment analysis of 
sequences were performed using MEGA and SimPlot software, respectively.

Results and discussion: Two host-seeking ticks and 17 ticks that fed on giant pandas 
and goats were collected. Through high-throughput sequencing, whole virus 
genomes were attained from four tick samples (PC-13, PC-16, PC-18, and PC-19) that 
shared 88.7–96.3% similarity with known JMTV. Phylogenetic tree showed that it was 
a novel JMTV-like virus, referred to as Sichuan tick virus, which also had the signals of 
reassortment with other JMTV strains, suggesting a cross-species transmission and 
co-infection of segmented flavi-like viruses among multiple tick hosts.

Conclusion: We discovered and confirmed one new Jingmen tick virus, Sichuan 
tick virus. Further investigation is required to determine the pathogenicity 
of Sichuan tick virus to humans and animals, as well as its epidemiological 
characteristics in nature.

KEYWORDS

Jingmen virus group, tick borne disease, Sichuan tick virus, Sichuan Province, giant 
panda
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1. Introduction

In recent decades, emerging tick-borne viruses (TBVs) has been 
increasing and widely distributed all over the world. Since the 
confirmation of the first TBV, the Louping ill virus found in Scottish 
sheep, over 80 years ago (Jeffries et al., 2014), at least 160 such viruses have 
been found to be transmitted by ticks (Bartíková et al., 2017). Among the 
confirmed TBVs are 9 families and at least 12 genera, as well as other 
unassigned members (Shi et al., 2018). TBVs feature a wide range of hosts, 
including cattle, sheep, humans, rodents, and horses, some of which can 
cause human diseases and losses in relation to animal husbandry and 
agriculture. Thus far, at least 5 families, namely Nairoviridae, 
Phenuiviridae, Flaviviridae, Orthom-yxoviridae and Reoviridae, and 15 
species of TBVs that cause human diseases worldwide have been found 
(Liu et al., 2020; Ma et al., 2021). In China, emerging TBVs have been 
reported to cause multiple human diseases: tick-borne encephalitis virus 
(TBEV) (Xing et al., 2017), severe fever with thrombocytopenia syndrome 
virus (SFTSV) (Yu et al., 2011), Crimean-Congo hemorrhagic fever virus 
(CCHFV) (Sun et al., 2011), Jingmen tick virus (JMTV) (Qin et al., 2014; 
Jia et al., 2019), Alongshan virus (ALSV) (Wang et al., 2019), and Songling 
virus (SGLV) (Ma et al., 2021). The TBVs associated with human diseases 
are transmitted to humans through tick bites, causing varying degrees of 
symptoms, while other TVBs pose unclear risks to public health.

Jingmen tick virus (JMTV) is a novel tick-borne RNA virus that was 
identified in a pool of Rhipicephalus microplus collected from the Jingmen 
region of Hubei Province, China in 2010 (Qin et al., 2014). The viral 
genome of JMTV, the segmented flavi-like virus, consists of four segments. 
Two segments encode non-structural proteins that are genetically related 
to the NS3 and NS5 sequences of the genus Flavivirus, while the other two 
segments, which encode structural proteins, are completely unique 
suggesting that they might have originated from a yet uncharacterized 
virus (Qin et al., 2014). In 2014, partial protein sequences of Mogiana tick 
virus (MGTV) from Brazilian Rhipicephalus microplus were first reported 
as a novel tick-borne virus of the Flaviviridae family before JMTV was 
initially identified (Maruyama et al., 2014). Notably, the sequences of 
MGTV shared 92.4%-96.8% amino acid identity and 88%-90.3% 
nucleotide similarity with JMTV, which suggests they may be the same 
virus (Maruyama et al., 2014; Villa et al., 2017). Subsequently, JMTV has 
been detected in arthropods (ticks and mosquitoes) and vertebrates 
(rodents, humans, monkeys, cattle, and tortoises) from China, Uganda, 
Brazil, Kosovo, French, Turkey, and Kenya (Webster et al., 2015; Ladner 
et al., 2016; Shi et al., 2016; Emmerich et al., 2018; Souza et al., 2018; 
Temmam et al., 2019). More significantly, JMTV has been proven to infect 
human and cause mild to severe diseases through high-throughput 
sequencing of skin biopsies and blood samples (Jia et al., 2019).

The jingmenviruses group, which was identified recently, tentatively 
refers to segmented flavi-like viruses that have not been formally classified 
by the International Committee on Taxonomy of Viruses (ICTV) in 2015 
(Shi et al., 2016; Temmam et al., 2019). This group is presently divided 
into two phylogenetic clades. The viruses of one clade are associated with 
ticks and vertebrates, such as JMTV, MGTV (from ticks in Brazil), ALSV 
(from ticks and humans in China, Finland, and Russia), and Yanggou tick 
virus (from ticks in China) (Qin et al., 2014; Shi et al., 2016; Wang et al., 
2019; Colmant et al., 2022). The second clade comprises insect- and other 
host-associated jingmenviruses, such as Guaico Culex virus (GCXV) 
(from mosquitoes in Panama, Peru, and Trinidad), Wuhan aphid virus 
(WHAV) (from aphid in China), Wuhan flea virus (WHFV) (from flea 
in China), and Shuangao insect virus 7 (SAIV7) (from insects in China) 

(Sun et al., 2011; Colmant et al., 2022). Additionally, Heilongjiang tick 
virus (HLJTV), Amblyomma virus, Guangxi tick virus (GXTV), and 
Rhipicephalus associated flavi-like virus also classified as jingmenviruses 
and share a high similarity with JMTV strain SY84, with 93.06–94.39%, 
92.81–94.52%, 92.8–94.5%, and 93–99% identity respectively (Liu, 2018; 
Shi et al., 2021). Therefore, it can be seen that jingmenviruses have been 
emerging around the world with a diversity of hosts, members of which 
lead to severe diseases. Thus, it is crucial to conduct jingmenviruses 
research in the coming years to deal with emerging related diseases.

In China, JMTV has been detected in various hosts, such as 
arthropods, humans, bats, rodents and mammals from Hubei, Fujian, 
Heilongjiang, Yunnan, Guizhou, Henan, Guangxi and Zhejiang 
provinces (Guo et al., 2020; Colmant et al., 2022). However, there is a 
lack of data regarding JMTV infections in Sichuan Province, where 
the national-level protected animal, giant pandas, is often parasitized 
by many ticks. To investigate the tick virome in Sichuan Wolong 
National Nature Reserve, host-seeking ticks and parasitic ticks from 
giant pandas and goats were collected in the area. High-throughput 
sequencing was then conducted in the collected ticks to determine the 
tick virome. The objectives of the study were to understand the 
potential threat of JMTV-like viruses on public health to local 
residents, as well as protected animals and livestock.

2. Materials and methods

2.1. Sample collection

Parasitic and host-seeking ticks were collected in Wolong Nature 
Reserve, Sichuan Province using different methods in 2020 (Figure 1). 
The parasitic ticks were carefully removed from giant pandas and 
goats by using tweezers, while host-seeking ticks were collected from 
vegetation by flagging. The collected ticks were stored in porous 
centrifuge tubes with moistened sterile filter paper. Subsequently, 
morphological identification was performed under a 
stereomicroscope. The collected ticks were kept in an artificial climate 
chamber at 20°C until further testing was conducted.

2.2. RNA extraction, library preparation, 
and sequencing

The RNA of collected live ticks was extracted using AllPrep DNA/
RNA Mini Kit (cat.no.80204, QIAGEN) according to the 
manufacturer’s instructions. The ticks were categorized into different 
groups, such as one engorged tick as a pool, 2–5 non-engorged ticks 
(around 20 mg) as one pool, and eggs of the engorged tick as one pool.

A Nucleic Acid Microbes Purification kit (KAPA RNA HyperPrep 
Kit with RiboErase, KK8561#, Roche) was also used to enrich the viral 
RNA from total RNA samples. The remaining RNA was fragmented to 
about 280 bp and then reverse-transcribed into cDNA. Next, a second 
strand synthesis was conducted by using a Reverse transcription kit 
(miScript II RT Kit, Cat.No.218161, QIAGEN). Through the synthetic 
double-stranded DNA, a DNA library was constructed through 
end-repair, UDI (unique dual-index) adaptor-ligation, and 
PCR amplification.

The constructed library was qualified with a Qubit® 4.0 Fluorometer 
(ThermoFisher, Foster City, CA, United States). The library fragment size 
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was analyzed with Qsep-100 (Hangzhou Houze Biotechnology Co., Ltd.). 
The Library Quant Kit (KAPA, Roche, Rotkreuz, Switzerland) was used 
to accurately quantify the library for screening qualified libraries. The 
qualified library was pooled at 3 nmol each. After circularization and 
generating DNA nanoballs (DNBs), the resulting libraries were sequenced 
with MGI High-throughput Sequencing Set (PE150) on MGISEQ-2000 
platforms (MGI, Shenzhen, China).

2.3. Quantification of virus abundance

Adaptor sequences and low-quality bases were removed from raw 
sequencing reads by the fastp program (v0.23.1) to obtain clean data. 
The process of sequence mapping/alignment in the clean reads uses 
HISAT2 (v2.1.0) based on the hierarchical indexing of host genomes 
with default parameters to remove the host genome. The unaligned 
reads were used for microbial taxonomy via the Kraken2 program 
(v2.0.9-beta) taxonomic classifier based on a custom extended RefSeq 
database. The outputs generated by Kraken2 were transferred to the 
Bracken program to acquire more accurate estimations using 
abundance and diversity.

2.4. Viral contigs assembly and annotation

The resulting reads classified as a virus by Kraken2 were 
subsequently de novo assembled into contigs using the Megahit 
program (v1.2.9) (Vijaykrishna et al., 2015) with default parameters. 

The assembled contigs were then compared to the NT database using 
the blastn program (v0.9.21) (Ladner et al., 2016) with an E-value 
cut-off of 1 × 10−5 to identify viral sequences. Taxonomic lineage 
information was obtained for the top blast hit of each contig, and 
those annotated under the kingdom virus were initially identified as 
potential virus-associated sequences. To exclude false positives, these 
potential viral contigs were subjected to blastn comparisons against 
non-redundant nucleotide databases to distinguish viral sequences 
from non-viral host sequences, endogenous viral elements, and 
artificial vector sequences. Reference genomes of target species were 
selected based on blast results. Clean data aligned the reference 
genome of the target species using bwa (0.7.17-r1188). There were 
more than 50 bases aligning the reference genome defined as reads of 
the target species. An initial scaffold extension and reassembly from 
those reads were built using the de novo assembler SPAdes (v3.15.3). 
Reads aligned to the reference genome were returned to the assembled 
scaffold using bwa (0.7.17-r1188), and the scaffold was calibrated 
according to the sequencing depth of the aligned reads to output a 
complete sequence.

2.5. Phylogenetic analysis

Complete sequences obtained in this study were compared 
with all sequences in GenBank through blastn of NCBI, and 
appropriate reference sequences were selected for Phylogenetic 
analysis. Subsequently, MEGA_11.0.13 was used to align the 
sequences and reference sequences using the MUSCLE package 
and default parameters. The maximum-likelihood method of 
MEGA_11.0.13 was used to process the phylogenetic analyses 
with 1,000 bootstrap replicates.

2.6. Reassortment and variation analysis

Reassortment analysis of sequences for virus sequences was 
performed using SimPlot (v3.5.1). The schematic diagram of the 
genome structure was drawn on the basis of blastx comparison 
information of RNA sequence. Variation analysis was conducted 
through bwa, varscan, and snpeff bioinformatics software.

3. Results

3.1. Tick samples

A total of 19 live ticks were collected in Wolong Nature 
Reserve of Sichuan province from April 2020 to August 2020, 
including 17 parasitic ticks that fed on giant pandas or goats and 
2 host-seeking ticks (Figure 1). These ticks were comprised of 19 
adult ticks and 3 pools of tick eggs, including 4 Ixodes acutitarsus, 
7 Haemaphysalis longicornis, and 8 Ixodes ovatus, of which 3 
Ixodes ovatus ticks had laid eggs. Then 15 pools of tick samples, 
with 7 Ixodes ovatus from giant pandas (4 adult ticks and 3 groups 
of eggs), 2 Ixodes acutitarsus parasitizing on goats and 2 free 
Ixodes acutitarsus, and 4 Haemaphysalis longicornis from goats 
(Table 1) had total RNA extracted, followed by library preparation 
and sequencing for analysis.

FIGURE 1

Location of sampling sites of ticks in Wolong Nature Reserve, 
Sichuan Province, 2020.
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FIGURE 2

Overview of relative abundance of the top 30 virus species contained in the 15 tick sample pools from Wolong Nature Reserve of Sichuan Province.

3.2. Meta-transcriptomes analysis

Total RNA of 15 sample pools have been analyzed by meta-
transcriptomes. A total of 165.15 GB nucleotide data was generated, which 
were assembled and annotated for identification and characteristic of 
virus groups. After quality control, removal of host gene and exclusion of 
reads with no significant similarity to any sequence in the NCBI, 110,846 
valid reads for viruses were obtained.

3.3. Characteristics of viruses in the tick 
samples

The relative abundance of the first 30 viruses was shown in 
Figure  2, which represents the proportion of main viruses in 
every sample. According to relative abundance, the first five 
viruses of the tick samples were Mogiana tick virus, Jingmen tick 
virus, Seoul orthohantavirus, Choristoneura fumiferana 

TABLE 1 Characteristics of tick samples collected from Sichuan Province in this study.

Pool ID Tick species Hosts Developmental phase Number of ticks/eggs

PC-5 Ixodes acutitarsus Goat ♀ adult 1

PC-6 Ixodes ovatus Giant panda ♀ adult 1

PC-7 Ixodes ovatus Giant panda Eggs >200 From PC-6

PC-8 Ixodes ovatus Giant panda ♀ adult 1

PC-9 Ixodes ovatus Giant panda Eggs >200 From PC-7

PC-10 Ixodes ovatus Giant panda ♀ adult 1

PC-11 Ixodes ovatus Giant panda Eggs >200 From PC-8

PC-12 Haemaphysalis longicornis Goat ♀ adult 1

PC-13 Haemaphysalis longicornis Goat ♀ adult 1

PC-14 Ixodes acutitarsus Free ♀ adult 1

PC-15 Ixodes acutitarsus Free ♀ adult 1

PC-16 Ixodes ovatus Giant panda ♀ adult 5

PC-17 Haemaphysalis longicornis Goat ♀ adult 2

PC-18 Haemaphysalis longicornis Goat ♀ adult 3

PC-19 Ixodes acutitarsus Goat ♂ adult 1
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granulovirus, and staphylococcus virus CSA13 virus from 
Flaviviridae, Flaviviridae, Hantaviridae, Baculoviridae, and 
Rountreeviridae, respectively. The genome of Mogiana tick virus 
and JMTV mainly existed in 4 tick samples, with 2 Haemaphysalis 
longicornis from goats (PC-13 and PC-18), 1 Ixodes ovatus from 
giant panda (PC-16) and 1 Ixodes acutitarsus from goats (PC-19), 
the relative abundance of which were more than 95%. Three other 
viruses were primarily distributed in 3 samples (PC-10, PC-5, 
and PC-6), 3 samples (PC-17, PC-7, and PC-8) and 3 sample 
(PC-17, PC-7, PC-8) separately.

Through comparison with all nucleotide sequences in 
GenBank database, it was found that the assembled RNA 
sequences in the 4 tick samples (PC-13, PC-16, PC-18, and 
PC-19) shared a higher similarity with JMTV, including four 
segments, which have been temporarily referred to as Sichuan 
tick virus. More significantly, the complete nucleotide sequences 
of the Sichuan tick viruses were obtained from the four tick 
samples (Table 2). These sequences have been deposited in the 
GenBank database with accession numbers OQ158902- 
OQ158905, OQ320755- OQ320766.

3.4. Phylogenetic analysis

The sequences of Sichuan tick virus from the four samples were 
extremely close to each other (99.82%–100% nucleotide identity) and 
had high similarity (93.96%–95.71%) with Rhipicephalus associated 
flavi-like virus and JMTV strains from Lao PDR. These sequences 
were also found to be similar to JMTV found in Lao PDR, Brazil, 
Kenya and some provinces of China, with an 88.73–96.28% identity. 
Subsequently, the analyzed Sichuan tick viruses had an 88.77–95% 
nucleotide identity with Heilongjiang tick virus, Guangxi tick virus, 

Mogiana tick virus, Amblyomma virus and Rhipicephalus-fassociated 
flavi-like virus deposited in GenBank. Through the maximum-
likelihood method based on four segments of Sichuan tick viruses, the 
phylogenetic analyses revealed that every segment of the Sichuan tick 
viruses clustered together, and then formed a separate clade 
(Figures 3A–D). Segment 1 of the Sichuan tick viruses from the four 
tick samples was closest to Rhipicephalus associated flavi-like virus 
strain YNTV4 from Yunnan in terms of phylogeny, with 94.64–94.66% 
identity (Figure 3A). Yet segments 2, 3 and 4 of Sichuan tick viruses 
exhibited the closest evolutionary relationship with JMTV strain from 
Lao PDR, with 93.96%–94.26%, 95.71%, and 95.55%–95.56% 
similarity, respectively (Figures  3B–D). The structure of JMTV 
genome was relatively conserved among all JMTV strains in the 
GenBank database. Segment 1 and segment 3 of JMTV encoded NSP1 
and NSP2 proteins respectively, non-structure proteins, which seem 
to have homology with NS5 and NS3 proteins of the genus flavivirus. 
Segment 2 and segment 4 of JMTV encoded VP1, VP2, and VP3 
proteins, structure proteins, which have no known homologs.

3.5. Reassortment analysis

The signals of reassortment were observed between the four 
segments of the Sichuan tick viruses and other JMTV strains from 
Amblyomma testudinarium (Japan and Laos), Bubalus bubalis (China), 
Myotis siligorensis (China), Haemaphysalis longicornis (China). 
Especially, the signals of recombination between the four segments of 
the Sichuan tick viruses and GXTV (Guangxi tick virus) from 
Amblyomma javanense in China, MGTV (Mogiana tick virus) from 
Amblyomma testudinarium in China, suggested cross-species 
transmission and co-infection of segmented flavi-like viruses among 
multiple tick hosts (Figure  4). Reassortment has been frequently 
observed in segmented viruses and is considered a primary 
mechanism for interspecies transmission and the emergence of novel 
strains (Vijaykrishna et al., 2015; Ogola et al., 2022).

3.6. Variation analysis

The genome structure was drawn by taking the sample PC-19 
strain as an example, which can be  seen in Figure  5. Segment 3 
encodes NS3-like protein; segment 2 encodes glycoprotein; segment 
4 consists of putative capsid protein and putative membrane protein. 
Segment 1 comprises NS5-like protein. After comparison and statistics 
by bioinformatics software, PC-19 was used as the reference standard 
to obtain the unique variation results among the strains (Table 3 and 
Figure 6). PC-13 strain has 6 unique mutations, 2 insertions and 4 
point mutations. PC-18 has only 2 point mutations. The result of 
PC-16 variation was consistent with PC-19.

4. Discussion

Since the discovery of Jingmen tick virus (JMTV), JMTV and 
Jingmenviruses group have been found to be distributed across the 
world, while there is little research on them in Sichuan Province. In 
this study, we described the discovery of Sichuan tick virus (SCTV), a 

TABLE 2 Characteristics of complete nucleotide sequences from the 
following 4 tick samples.

Pool ID Segment
Sequence 
length (nt)

GenBank 
accession No

PC-13 1 3,063 OQ320755

PC-13 2 2,796 OQ320756

PC-13 3 2,744 OQ320757

PC-13 4 2,737 OQ320758

PC-16 1 3,050 OQ320759

PC-16 2 2,672 OQ320760

PC-16 3 2,716 OQ320761

PC-16 4 2,736 OQ320762

PC-18 1 3,082 OQ158902

PC-18 2 2,679 OQ158903

PC-18 3 2,774 OQ158904

PC-18 4 2,750 OQ158905

PC-19 1 3,239 OQ320763

PC-19 2 2,753 OQ320764

PC-19 3 2,784 OQ320765

PC-19 4 2,759 OQ320766
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FIGURE 3

Phylogenetic analysis of the complete sequence of Sichuan tick virus in this study. Phylogenetic trees were constructed by the maximum-likelihood 
method using MEGA_11.0.13 with 1,000 bootstrap replicates: (A) (Segment 1), (B) (Segment 2), (C) (Segment 3), and (D) (Segment 4). The number on 
each branch shows the percent occurrence in 1000 bootstrap replicates.•stood for samples of Sichuan tick virus found in this study.
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novel JMTV-like virus, in three tick samples collected from goats and 
one from a giant panda. This is the first record of a JMTV-like virus in 
Sichuan Province.

To our knowledge, tick species that have been shown to carry JMTV 
are from 26 species in 6 genera: Rhipicephalus, Amblyomma, Dermacentor, 
Haemaphysalis, Hyalomma, and Ixodes (Shi et al., 2016). Remarkably, the 
SCTV genome showing strong similarity to JMTV in this study was first 
found in several tick species that were not previously associated with 
JMTV. The special tick species contained Ixodes ovatus parasitizing on a 
giant panda and Ixodes acutitarsus that fed on goats, which has expanded 
the range of tick hosts associated with JMTV. This in turn has increased 
the risk of human and wild animals infected with JMTV. When combined 

with earlier research, these results indicate that JMTV is an emerging tick-
borne virus with an extensive geographical distribution and is capable of 
infecting a significant variety of tick species.

Meanwhile, SCTV was identified for the first time in all 3 tick species 
collected in Wolong Nature Reserve of Sichuan province, suggesting that 
SCTV exists in various hosts, may be widely distributed throughout 
southwestern China and form a stable ecological cycle in the Wolong 
Nature Reserve. Moreover, the 4 tick samples infected with SCTV were 
engorged ticks collected from a giant panda and goats, suggesting that 
SCTV also possibly infected parasitic animals. It would appear probable 
that the risk of SCTV transmission between ticks and parasitic animals 
could be increased by the act of co-feeding in different animals, especially 
national protected animals. More seriously, human contact with wild 
animals (such as giant pandas and goats) may increase the incidence of 
zoonosis related to SCTV and the hazard of human and wildlife infection 
with SCTV.

Phylogenetic analysis regarding Sichuan tick virus showed 
the four segments of SCTV had the closest evolutionary 
relationship with Rhipicephalus associated flavi-like virus strain 
YNTV4 from Yunnan province and JMTV strain from Lao PDR, 
illustrating that these jingmenviruses in special geographical 
locations (Laos, Sichuan and Yunnan provinces) manifested a 
consistent evolutionary direction under similar environmental 
factors (similar climate and ecological environment), or that they 
share a common virus ancestor. JMTV appears to be  highly 
conserved in terms of its evolution as a concerned virus. However, 
reassortment analysis results demonstrated the sequence 
differences between SCTV and Rhipicephalus associated flavi-like 
virus, JMTV, were associated with gene recombination. In 
addition, although SCTV, a JMTV-like virus, showed the highest 
similarity with JMTV strains ISK55, IM-OI96, and IM-OI108 
from Japan, SCTV phylogenetically displayed the closest 
relationship with Rhipicephalus associated flavi-like virus from 
Yunnan and JMTV from Laos, manifesting that may be  the 
evolutionary consequences of different JMTV lineages or 
extensive mutations of the genome. Furthermore, the sequences 
of SCTV were remotely different from other jingmenviruses, with 
ALSV, HLJTV, Amblyomma virus, and Guangxi tick virus from 
China and Russia, suggesting that the gene recombination 
between flavivirus and other segmented flavi-like viruses was 
very common.

FIGURE 4

Recombination between Sichuan tick virus (PC-19) and reference sequences.

FIGURE 5

Genome structure of Sichuan tick virus (PC-19 strain).

TABLE 3 Results of variation among Sichuan tick viruses.

Virus CHROM POS REF ALT

PC-13 NC_024112.1 2,668 C CAGAAAAAAAAAAA

PC-13 NC_024112.1 2,676 G GA

PC-13 NC_024112.1 585 A C

PC-13 NC_024112.1 2,677 G A

PC-13 NC_024112.1 2,785 C A

PC-13 NC_024114.1 776 T C

PC-18 NC_024112.1 585 A C

PC-18 NC_024114.1 776 T C
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FIGURE 6

Variation of Sichuan tick virus (PC-13, PC-16, PC-18, and PC-19).

This study covered the discovery of Sichuan tick virus in 
Wolong Nature Reserve of Sichuan Province, which can increase 
our understanding of tick-borne viruses in the area, provide early 
warning and prediction of possible tick-borne diseases, reduce 
misdiagnosis and delay in treatment of tick-borne diseases. It can 
also improve the diagnostic rate and contribute to the survival of 
local residents. At the same time, tick-borne viruses in the area 
were investigated to prevent the occurrence of viral tick-borne 
infectious diseases, which is beneficial to the safety of residents 
and is also of great public health significance. Furthermore, early 
discovery of tick-borne viruses, their vectors, and hosts can 
provide support for the prevention and control of relevant tick-
borne diseases, thereby protecting humans and wildlife, which is 
significant for public health.

Limitations of this study are as follows. Firstly, the study lacks PCR’s 
validation of SCTV and its serological evidence in humans or animals. 
Secondly, Sichuan tick virus has not yet been isolated from ticks. Thirdly, 
the small number of ticks collected in this study is insufficient to indicate 
the prevalence of JMTV in Sichuan Province, China. In the future, a large-
scale epidemiological survey of JMTV needs to be conducted in Sichuan 
Province to understand more relevant details, such as distribution, hosts, 
and prevalence. In addition, further serological testing is needed to assess 
Sichuan tick virus pathogenicity.

5. Conclusion

In summary, we discovered and confirmed one new Jingmen tick 
virus, Sichuan tick virus, in ticks parasitizing protected animals and 
livestock, in the Wolong Nature Reserve of Sichuan Province, and its 
complete nucleotide sequences have been obtained. However, further 
investigation is required to determine the pathogenicity of Sichuan tick 
virus to humans and animals, as well as its epidemiologi-cal characteristics 
in nature.
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Introduction: Leptospirosis is a worldwide zoonosis caused by pathogenic and

virulent species of the genus Leptospira, whose pathophysiology and virulence

factors remainwidely unexplored. Recently, the application of CRISPR interference

(CRISPRi) has allowed the specific and rapid gene silencing of major leptospiral

proteins, favoring the elucidation of their role in bacterial basic biology, host-

pathogen interaction and virulence. Episomally expressed dead Cas9 from the

Streptococcus pyogenes CRISPR/Cas system (dCas9) and single-guide RNA

recognize and block transcription of the target gene by base pairing, dictated by

the sequence contained in the 5′ 20-nt sequence of the sgRNA.

Methods: In this work, we tailored plasmids for silencing the major proteins

of L. interrogans serovar Copenhageni strain Fiocruz L1-130, namely LipL32,

LipL41, LipL21 andOmpL1. Double- and triple-gene silencing by in tandem sgRNA

cassettes were also achieved, despite plasmid instability.

Results: OmpL1 silencing resulted in a lethal phenotype, in both L. interrogans

and saprophyte L. biflexa, suggesting its essential role in leptospiral biology.

Mutants were confirmed and evaluated regarding interaction with host molecules,

including extracellular matrix (ECM) and plasma components, and despite the

dominant abundance of the studied proteins in the leptospiral membrane, protein

silencingmostly resulted in unaltered interactions, either because they intrinsically

display low a�nity to the molecules assayed or by a compensation mechanism,

where other proteins could be upregulated to fill the niche left by protein silencing,

a feature previously described for the LipL32 mutant. Evaluation of the mutants in

the hamster model confirms the augmented virulence of the LipL32 mutant, as

hinted previously. The essential role of LipL21 in acute disease was demonstrated,

since the LipL21 knockdown mutants were avirulent in the animal model, and

even thoughmutants could still colonize the kidneys, they were found inmarkedly

lower numbers in the animals’ liver. Taking advantage of higher bacterial burden

in LipL32 mutant-infected organs, protein silencing was demonstrated in vivo

directly in leptospires present in organ homogenates.

Discussion: CRISPRi is now a well-established, attractive genetic tool that can

be applied for exploring leptospiral virulence factors, leading to the rational for

designing more e�ective subunit or even chimeric recombinant vaccines.
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Introduction

Leptospirosis is a neglected zoonosis of global concern caused
by pathogenic species of the genus Leptospira, which can infect
a broad range of hosts directly after contact with the urine of
infected animals or indirectly after exposure to contaminated
water or soil (Bharti et al., 2003; Haake and Levett, 2015).
Symptom presentationmay vary, ranging from non-specific flu-like
symptoms, such as fever, chills, headache, and myalgia, to severe
leptospirosis, encompassing a potentially fatal condition known
as Weil’s disease (Levett, 2001) or severe pulmonary hemorrhage
leptospirosis (SPHL) (McBride et al., 2005; Segura et al., 2005;
Dolhnikoff et al., 2007), the latter recognized as an emerging clinical
manifestation (Nally et al., 2004). Leptospirosis is responsible for
more than 1million cases and almost 60,000 human deaths per year
worldwide (Costa et al., 2015; Torgerson et al., 2015).

The molecular basis of leptospiral pathogenesis, despite recent
advances in functional genomics and mutagenesis, is still poorly
understood (Murray, 2015; Daroz et al., 2021). After contact
with damaged skin or mucosa, pathogenic leptospires can rapidly
penetrate and breach host biological barriers and migrate across
viscous environments (Picardeau, 2017), such as the extracellular
matrix (ECM). Many leptospiral adhesins are capable of mediating
bacterial adhesion to different elements on the surface of host cells
and ECM (Fernandes et al., 2016b; Daroz et al., 2021).

When reaching the bloodstream for dissemination, leptospires
need to overcome host natural defenses, such as the complement
system and oxidative stress, and several research groups have
elucidated the role of surface-exposed proteins in leptospiral
immune evasion mechanisms by in vitro assays with recombinant
proteins (Verma et al., 2006; Vieira et al., 2010a, 2018; Castiblanco-
Valencia et al., 2012, 2016; Siqueira et al., 2016; Cavenague et al.,
2019). Rapid tissue dissemination can also be related to the ability
of pathogenic leptospires to impair the host coagulation cascade
(Oliveira et al., 2013; Fernandes et al., 2015, 2016a).

Nevertheless, in vitro features of purified recombinant protein
do not necessarily reflect the native counterpart role in Leptospira

spp., and mutations in genes of interest are required to evaluate
the resultant phenotype for function confirmation (Shapiro
et al., 2018). Accordingly, in vitro evidence that leptospiral
immunoglobulin-like (Lig) proteins LigA and LigB could play a
pivotal role in complement evasion (Castiblanco-Valencia et al.,
2012, 2016; Haake and Matsunaga, 2020) was further confirmed
by evaluation of a double knockdown LigAB mutant obtained
by CRISPR interference (CRISPRi) (Fernandes et al., 2021b), and
this mutant was later shown to be avirulent in an animal model
(Fernandes et al., 2021c).

The application of CRISPRi for leptospiral mutant generation
has allowed the confirmation of native protein function in host–
pathogen interaction and virulence. This novel genetic tool for gene
silencing relies on the episomal expression of two components: a
programmable DNA-binding protein, which is catalytically inactive
Cas9 (dCas9), and a single-guide RNA, which dictates the target
for gene silencing by base pairing (Qi et al., 2013; Fernandes et al.,
2019).

It was previously shown that the silencing of the major outer
membrane protein (OMP) LipL32 results in substantial changes

in amounts of other lipoproteins and potential virulence factors
expressed by Leptospira, including the virulence factors LigA
and LigB. It was hypothesized that this global proteomic change
occurred to fill a niche left by the silencing of LipL32 (Fernandes
et al., 2021c). Moreover, the virulence evaluation of this mutant
hinted at augmented virulence.

Outer membrane proteins (OMPs) are considered promising
candidates for virulence factors because of their location, which
enables direct interaction with host components and cells
(Haake and Matsunaga, 2002; Ko et al., 2009). In leptospires,
lipoproteins are the predominant OMPs, similar to Borrelia spp.
(Haake and Matsunaga, 2010). Quantitative proteome analysis
conducted by Malmström et al. (2009) revealed that LipL32,
Loa22, LipL41, and LipL21 are the most abundant lipoproteins
in L. interrogans. Notably, Loa22 was the first genetically defined
virulence factor identified in L. interrogans (Ristow et al.,
2007).

In this context, it is possible that other major proteins could
also play a role in the virulence of leptospires. Exploring and
validating leptospiral virulence factors could ultimately favor the
design of more effective subunit or even chimeric recombinant
vaccines (Barazzone et al., 2021). Directing the immune responses
toward virulence determinants has historically proven to be
a successful approach in interrupting the cycle of infection,
leading to the generation of protective immunity (Delany et al.,
2013).

LipL41, an abundant lipoprotein of pathogenic leptospires,
is a 41 kDa protein first identified by Haake et al. (1991) and
later described by Shang et al. (1996). Furthermore, LipL41 was
previously reported to elicit a synergistic protection profile along
with OmpL1 protein against lethal challenge in hamsters, inferring
that OmpL1 protein could be relevant to pathogenesis (Haake
et al., 1999). It was shown that LipL21 can contribute to leptospiral
virulence as its binding to peptidoglycan allows leptospires to
escape NOD1 and NOD2 (Ratet et al., 2017). In addition, LipL21
was shown to be a potent myeloperoxidase inhibitor, an enzyme
stored in neutrophils (Vieira et al., 2018). A transposon mutant
of L. interrogans serovar Manilae lacking LipL21 was found to
be avirulent in a hamster model. However, complementation
failed to restore the mutant’s virulence. Thus, the contribution of
LipL21 to the virulence of leptospires remains unclear (Ratet et al.,
2017).

Hence, we were interested in evaluating the outcomes of the
silencing of genes coding for these major proteins. For that, we used
CRISPRi to create mutants of the major proteins LipL32, LipL41,
LipL21, and OmpL1 in L. interrogans serovar Copenhageni, and
mutant bacteria were evaluated regarding their interaction with
host molecules and virulence in a hamster model.

Materials and methods

Bacterial strains and plasmids

Virulent low-passage L. interrogans serovar Copenhageni strain
Fiocruz L1-130 and saprophytic L. biflexa serovar Patoc strain
Patoc1 were cultured in EMJHmedium (Difco, BD, Franklin Lakes,
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TABLE 1 Primer sequences used in this study.

Primer Sequence (5′ → 3′) Purpose

sgLipL21 F AACGTCTTTCGGATCGGATCGTTTTAGAGCTAGAAATAGC Substitute the lipL32 protospacer in the sgRNA cassette for the
lipL21 protospacer

sgLipL21 R GATCCGATCCGAAAGACGTTGAAAATCACGGTATGAACTTAGG

sgLipL41 F CTACGTTACGAATGGTTCCGGTTTTAGAGCTAGAAATAGCAAG Substitute the lipL32 protospacer in the sgRNA cassette for the
lipL41 protospacer

sgLipL41 R CGGAACCATTCGTAACGTAGGAAAATCACGGTATGAACTTAGG

sgOmpL1 F GCCGCCAGTAGTTCTATCGAGTTTTAGAGCTAGAAATAGCAAG Substitute the lipL32 protospacer in the sgRNA cassette for
ompL1 protospacer

sgOmpL1 R TCGATAGAACTACTGGCGGCGAAAATCACGGTATGAACTTAGG

sgOmpL1biflexa F CGAAACGTACGTTTTCTTTGGTTTTAGAGCTAGAAATAGC Substitute the lipL32 protospacer in the sgRNA cassette for the L.
biflexa ompL1 protospacer

sgOmpL1biflexa R CAAAGAAAACGTACGTTTCGGAAAATCACGGTATGAACTTAGG

sgRNA F TTAGGATCCCCCGGGGAACAAGAAAGAGTCAGAG Amplification of whole sgRNA cassette for Gibson assembly

sgRNA R ATCGAATTCCTGCAGAAAAAAGCACCGACTCGGTGC

sgRNAsecond R CTTTCTTGTTCCCGGAAAAAAGCACCGACTCGGTGC

pMaOri2 F ACGCAATGTATCGATACCGAC Amplification flanking the sgRNA cassette

pMaOri2 R ATAGGTGAAGTAGGCCCACCC

qLipL32 F AAGGATCTTTCGTTGCATCT Quantification of bacterial load

qLipL32 R TTACTTAGTCGCGTCAGAAG

NJ, United States) supplemented with 10% (vol/vol) Leptospira

Enrichment EMJH (Difco) (Turner, 1970) and 1% rabbit serum.
Solid media were prepared by supplementing with 1.2% Noble agar
(Difco). For transconjugant recovery, spectinomycin was added at
a concentration of 40µg/mL. E. coli strain β2163 auxotrophic for
diaminopimelic acid (DAP) (Demarre et al., 2005; Picardeau, 2008)
was used for general cloning and as conjugation donor cells and was
grown in Luria–Bertani (LB, Difco) medium supplemented with
DAP (0.3mM, Sigma).

Macromolecules and antibodies

Murine laminin (Engelbreth-Holm-Swarm murine sarcoma
basement membrane, L2020), collagen type IV (Engelbreth-Holm-
Swarm murine sarcoma basement membrane, C0543), human
cellular (foreskin fibroblasts, F2518) and plasma fibronectin
(F2006), human fibrinogen (F4883), plasminogen (PLG) (P7999),
recombinant E-cadherin (5085), thrombin (605190), and bovine
serum albumin (BSA; A3912) were acquired from Sigma-
Aldrich. Anti-laminin (L9393), anti-fibronectin (F3648), anti-
fibrinogen (F8512), anti-collagen (SAB5500022), and anti-E-
cadherin (SAB5500022) antibodies were acquired from Sigma-
Aldrich, and anti-PLG antibody was produced in house. In
brief, BALB/c female mice were immunized subcutaneously with
10 µg of human PLG mixed with 10% (v/v) Alhydrogel [2%
Al(OH)3; Brenntag Biosector] as an adjuvant. Two subsequent
boost immunizations were given at 2-week intervals. Horseradish
peroxidase (HRP)-conjugated secondary anti-mouse (A9044),
anti-goat (A8919), and anti-rabbit IgG (A0545) antibodies were
also purchased from Sigma.

Plasmid construction and Leptospira spp.
conjugation

Plasmid pMaOri.dCas9 (Fernandes et al., 2019) was used
as a backbone for sgRNA cassette ligation by Gibson assembly
(New England BioLabs, E2611S), according to manufacturer’s
instructions. The plasmid was digested at the XmaI site and
sgRNA cassette targeting lipL32 was amplified from previously
described pMaOri.dCas9sgRNAlipL32 (Fernandes et al., 2021b),
with primers sgRNA F and sgRNA R (Table 1) designed for the
Gibson assembly reaction and for the specific reconstruction of the
XmaI site at only the 5′ end of the inserted cassette. Thus, this newly
obtained pMaOri.dCas9sgRNAlipL32 in this study differs from a
previous one (Fernandes et al., 2021b), which was obtained by T4
ligase-mediated reaction and displayed XmaI sites at both ends of
the cassette.

To generate plasmids containing a single sgRNA cassette
targeting either lipL41, lipL21, or ompL1 genes, we followed
the protocol previously described by Fernandes and Nascimento
(2020) to define protospacers (Table 2). The existing protospacer
sequence in the template pMaOri.dCas9sgRNAlipL32 plasmid
was substituted with the desired protospacer sequence by PCR.
Specifically, primers flanking the 20-nt protospacer were used and
included the new desired protospacer sequence at the 5’ end to
provide the required overhang. This resulted in a 9.5 kb amplicon,
which was purified and used for subsequent Gibson assembly
reactions to seal the plasmid backbone.

To create the double sRNA cassette plasmids, the
pMaOri.dCas9sgLipL41 was digested with XmaI enzyme, and
the desired cassettes for lipL32 or ompL1 were amplified from
their respective single sgRNA plasmids with primers sgRNA F and
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TABLE 2 Target genes and protospacers.

Target gene Protospacer (5′ → 3′) Species

lipL32 ACCACCGAAAGCACCACAAG L. interrogans

lipL41 CTACGTTACGAATGGTTCCG L. interrogans

lipL21 AACGTCTTTCGGATCGGATC L. interrogans

ompL1 GCCGCCAGTAGTTCTATCGA L. interrogans

ompL1 CGAAACGTACGTTTTCTTTG L. biflexa

sgRNA second R (Table 1). Plasmid and inserts were mixed at 1:5
proportion for Gibson assembly. All the reactions were used to
transform E. coli β2163 cells, which were further seeded onto LB
plates containing DAP (0.3mM) and spectinomycin (40µg/mL)
and individual colonies selected by PCR with pMaOri2 F and
R primers flanking the sgRNA cassettes (Table 1). For the triple
sgRNA plasmids, pMaOri.dCas9sgRNAlipL32sgRNAlipL41 was
digested with XmaI enzyme, and the cassette for lipL21 was
obtained and ligated as described above. All the obtained plasmids
were sequenced with pMaOri2 primers to confirm the correct
sgRNA cassettes.

Leptospira spp. knockdown mutants were obtained by
conjugation as previously described (Fernandes et al., 2021a).

Evaluation of mutants’ binding to host ECM
and plasma components

Before binding experiments, each component was serially
diluted (1–0.008 µg in 100 µL) and coated onto ELISA plate wells
(Costar High Binding; Corning) for detection with appropriate
anti-component and secondary antibodies. The immobilized mass
that gave a linear curve beyond that point was selected for
incubation with the leptospiral mutant strains.

Knockdown mutants or control cells containing only
pMaOri.dCas9 were brought to the same concentration (5 ×

108/mL) and incubated with the previously defined components’
mass for 2 h at 30◦C; the bacterial suspensions were then
centrifuged (10,000× g, 15min), and the supernatant was carefully
removed and submitted to another round of centrifugation and
supernatant collection. Next, 100 µL of each solution were used
to coat the wells for 16 h at room temperature, in seven replicates,
and a control without component was used as a blank to determine
the baseline signal of the reaction. In parallel, a component mass
curve was run in the experiment to determine the percentage of
unbound components and, by consequence, indirectly infer the
component bound to the leptospiral surface. Plates were washed
with PBS containing 0.05% Tween-20 (PBS-T), blocked with 3%
BSA in PBS-T for 1 h, and incubated with antibodies for each
component (1 h 37◦C) and secondary horseradish peroxidase
(HRP)-conjugated secondary antibodies in 1% BSA in PBS-T. The
wells were washed six times, and o-phenylenediamine (1 mg/mL)
in citrate phosphate buffer (pH 5.0) plus 1 µL/mL H2O2 was added
(100 µL per well).

The reaction proceeded for 10min and was interrupted by
the addition of 50 µL of 2M H2SO4. Readings were taken

at 492 nm with a microplate reader (Multiskan EX; Thermo
Fisher Scientific, Helsinki, Finland), and absorbance values were
compared with values generated from the component curve. The
residual component mass in the supernatant was used to infer
the mass bound to the leptospiral surface, statistical analysis was
performed using one-way ANOVA, followed by the Tukey post-test
for pairwise comparisons of each group against control dCas9, and
a P-value of <0.05 was considered to be statistically significant.

Fibrin clot inhibition by mutant strains

Leptospires were recovered by centrifugation (10,000 × g,
15min), washed twice with 0.9% NaCl, and resuspended in 0.9%
NaCl to the standardized OD420nm of 5; next, 60 µL of the
leptospiral suspension were mixed with 540 µL of a human
fibrinogen solution (1 mg/mL in 0.9% NaCl), resulting in a final
leptospiral OD420nm of 0.5. After 2 h incubation at 37◦C, 90 µL of
the incubation reaction were added to each well of a microdilution
plate and mixed with 10 µL of 0.5 U/mL human thrombin.
Experiments were performed with six replicates, and a control with
no leptospires (maximal fibrin clot formation) or no thrombin (no
fibrin clot formation) was included. Plates were read at 600 nm at
2-min intervals.

Plasmin formation

Plasmin formation was evaluated according to protocols
described by Vieira et al. (2009), with slight modification.
Leptospires were grown in EMJH medium without rabbit serum
to avoid PLG contamination, recovered by centrifugation (10,000
× g, 15min), washed twice, and resuspended in PBS. Bacterial
suspensions were standardized to OD420nm of 0.5 in 500 µL of PBS.
Next, 2 µg of PLG were added followed by incubation for 2 h. Cells
were pelleted by centrifugation, washed once, and resuspended in
250 µL of PBS, to which 50 ng of urokinase-type PLG activator
(uPA) and 250 µL of plasmin (PLA) substrate D-Val-Leu-Lys-
p-nitroanilide dihydrochloride (Sigma) were added to a final
concentration of 0.4mM for amidolytic activity determination. For
experimental controls, either PLG, uPA, or leptospires were omitted
from the reactions. After a 16-h reaction, bacteria were pelleted and
the supernatant was collected for absorbance readings at 405 nm in
microdilution plates, in quintuplicate.

Animal ethics statement

All animal experimentation was conducted in accordance with
protocols as reviewed and approved by the Animal Care and
Use Committee at Instituto Butantan under number 8790290422
and as approved by Institutional guidelines. Four- to six-week-old
female hamsters were acclimated to the facility a week prior to
the challenge and segregated in boxes of four animals with similar
general weight average. The weight of each animal was considered
100% on the day of infection. Hamsters were monitored daily and
always had ad libitum access to food and water.
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Mutant Leptospira challenge

LipL32, LipL41, and LipL21 knockdownmutants were cultured
to mid-late log phase in EMJH medium at 29◦C. Groups of
female Syrian gold hamsters (Mesocricetus auratus, group n =

8, two boxes of n = 4) were inoculated intraperitoneally with
5 × 107 leptospiral mutants at the same in vitro passage. Each
animal was monitored daily and weighed for clinical signs of
acute leptospirosis. Animals were humanely euthanized when
weight loss (>10%) and/or additional clinical signs (blood on
paws/nose/urogenital tract, lethargy, etc.) were observed (Zuerner
et al., 2012) or on the basis of experimental time point. One kidney
and one liver lobe were harvested and immediately macerated in
5mL of EMJH medium plus 5-fluorouracil (5-FU). Suspensions
were used at different dilutions to inoculate EMJH medium plus
5-FU, without or with spectinomycin, to confirm mutant identities
and intact plasmids. Cultures were monitored daily by dark-field
microscopy, and positivity scores were recorded depending on cell
densities, with values of 0 (no cells observed), 1 (1–10 leptospires
per field), 2 (10–100), and 3 (more than 100 leptospires per field).
An additional section of the kidney and lobe of the liver was
harvested and frozen at−80◦C for bacterial burden analysis.

Once the virulence phenotypes of interest were established,
a second animal experiment was conducted with additional and
alternative experimental endpoints, with the challenge inoculum
comprised of 5× 107 mutant leptospires. One set of animals of each
group (n= 4) were humanely euthanized on day 4 for synchronized
comparison purposes, and the additional set (n= 4) was monitored
daily for clinical symptoms.

Endpoints of animals inoculated with knockdown strains were
compared to those displayed by animals infected with L. interrogans
containing empty pMaOri.dCas9 plasmids by the log-rank test, and
a p-value of <0.05 was considered to be statistically significant.

Quantification of bacterial load in target
organs

A cross section of the kidney and liver tissue (15–20mg) was
used for DNA isolation using the DNeasy DNA Blood and Tissue
isolation kit (Qiagen, MD, USA) following the manufacturer’s
specifications and using a final elution volume of 200 µL. The
concentration curve of leptospiral genomic equivalent (GEq) was
prepared with genomic DNA from L. interrogans. The bacterial
load was quantified by quantitative PCR assay based on the
protocol described by Wunder et al. (2021) using an CFX96 Real-
Time System (Bio-Rad, Hercules, CA, USA). The lipL32 gene
was amplified in the samples (5 µL template/well) using primers
qLipL32F (5

′

AAGGATCTTTCGTTGCATCT 3
′

) and qLipL32R (5
′

TTACTTAGTCGCGTCAGAAG3
′

), and ampliconwas detected by
SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA). The total volume of PCR reactions was 20µL containing
400 nM of each primer. The amplification protocol consisted of
10min at 95◦C, followed by 40 cycles of amplification (95◦C for
15 s and 60◦C for 1min). A result was considered negative if the Ct
was>40. The concentration of leptospires (GEq per gram of tissue)
was calculated based on the standard curve equation.

Statistical differences between groups of interest were
determined by one-tailed Mann–Whitney non-parametric test,
and a p-value of <0.05 was considered to be statistically significant.

Evaluation of phenotype stability in vivo

and in vitro

For evaluating target protein silencing in leptospires sheltered
at the target organs, tissue macerates (5mL) were transferred to
15-mL conical tubes and centrifuged at 1,150 × g for 10min, and
the supernatant (∼3mL) was carefully recovered and transferred
to two 1.5-mL microtubes. After centrifugation (10,000 × g,
15min), pellets were washed twice with PBS and resuspended
in 200 µL. Target protein expression in leptospires cultured out
of EMJH medium after inoculation with organ macerates with
or without spectinomycin (40µg/mL) was also assessed. Bacteria
were recovered from the medium by centrifugation (10,000 × g,
15min) and washed twice with PBS, and suspensions were then
counted. Protein samples were then processed for SDS-PAGE on
12% acrylamide gels (Bio-Rad) according to the manufacturer’s
guidelines. Cell lysates were applied to represent the total amount
of 5 × 106 cells per lane. For comparing the extent of restored
expression of target protein, lysates prepared from the control
pMaOri.dCas9-containing leptospires were applied to generate
different amounts of cells per lane. The immunoblots were
performed to infer the maintenance of gene silencing, as previously
described (Fernandes et al., 2021b).

Results

Transconjugant colony recovery suggests
the essential role of OmpL1 porin in both L.

interrogans and L. biflexa

Initially, aimed at the production of knockdown mutants for
L. interrogans major membrane proteins, sgRNA cassettes were
designed to target the coding strands of the lipL41 and ompL1

genes. As previous study suggested a synergetic effect on both
proteins in an animal model (Haake et al., 1999), a plasmid
containing the abovementioned sgRNA in tandem (see Material
and Methods) was also constructed for concomitant silencing of
LipL41 and OmpL1 proteins. Plasmid pMaOri.dCas9sgRNAlipL32
was also employed as a control for LipL32 silencing. As seen in
Figures 1A–C, a markedly high number of transconjugant colonies
could be recovered when L. interrogans cells carried pMaOri.dCas9
alone or containing the sgRNA for lipL32 or lipL41. Surprisingly, no
colonies were observed across the experiments when the plasmid
constructions contained the sgRNA targeting ompL1, alone or in
tandemwith sgRNA for lipL41, suggesting that OmpL1 porin could
be essential for leptospiral basic biology.

Since the double mutant for OmpL1 and LipL41 was
unachievable, a plasmid containing sgRNA for lipL32 and
lipL41 was created for the demonstration of multiple silencing
by CRISPRi, and after conjugation, a substantial number of
transconjugant colonies were observed (Figures 1C, D). Pushing
the boundaries of multiple silencing, cassettes for concomitant
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FIGURE 1

Transconjugant recovery and mutant validation. E. coli cells containing the plasmids of interest for gene silencing were used for Leptospira

conjugation, and colonies formed on EMJH plus spectinomycin plates were counted. Graphics (A–D) refer to colony recovery in di�erent

experiments. Colonies were recovered from the plates, and leptospiral cells were released from the agar and inoculated in liquid media plus

antibiotic. After growth, cells were harvested and whole-cell lysates were evaluated by immunoblotting with anti-LipL32, anti-LipL41, and anti-LipL21

antisera (E). Polyclonal antiserum against DnaK chaperone was used as a loading control.

lipL21, lipL32, lipL41, and lipL21 alone were used for the
conjugation of E. coli cells to L. interrogans (Figure 1D). This
last experiment was performed for the purpose of obtaining
synchronized virulent mutants for downstream characterization
and evaluation.

Transconjugants recovered were validated by immunoblotting,
and gene silencing of the synchronized mutants (Figure 1D) is
depicted in Figure 1E. As expected, when L. interrogans contained
the plasmids for the expression of dCas9 and the sgRNA to lipL32

and lipL41 individually, no bands corresponding to the respective
proteins were observed in the whole-cell lysates. For LipL21, a
drastic reduction in protein expression was observed (>90%) when
membranes were overexposed (Figure 1E), most possibly due to
the selected protospacer location at the end of the lipL21 gene.
Aimed at demonstrating the applicability of multiple gene silencing
by multiple sgRNA cassettes in the same plasmid, recombinant
cells containing plasmid for dCas9 and sgRNA for both lipL32 and
lipL41 or the triple cassette for lipL21, lipL32, and lipL41 (Figure 1E)
were also evaluated, indicating that the multiple one-step silencing
strategy is suitable for Leptospira.

However, evaluation of double mutants after just one passage
in a medium with antibiotic indicates an undesirable plasmid

instability, which is denoted by the restored expression of the
target proteins (Supplementary Figure 1); it is worth mentioning
that the same difficulty was observed with the triple mutants.
This phenomenon was observed with the mutants retrieved in
every experiment and is most probably because of the repetitive
elements due to the in tandem architecture of the sgRNA cassettes,
favoring recombination events (Oliveira et al., 2009). Sequencing of
the amplicons obtained after plasmid amplification with pMaOri2
primers in one of the clones for the double mutant indicated
that recombination occurred resulting in the loss of the lipL41

protospacer, which was replaced by another lipl32 one. In addition,
since recombination was confirmed to be happening, a complete
loss of the whole sgRNA cassettes in the population cannot be
ruled out.

To evaluate whether the ompL1 gene is essential to Leptospira

spp., a sgRNA targeting the ompL1 gene in the saprophyte L.

biflexawas designed, which shares 44% amino acid identity with the
annotated L. interrogans ompL1 ortholog. Confirming the findings
in the pathogen L. interrogans, only a few (1st experiment) or
no (2nd experiment) saprophyte colonies were retrieved when
ompL1 was silenced (Supplementary Figure 2A), in contrast to tens
of thousands of colonies recovered when control pMaOri.dCas9
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FIGURE 2

Interaction of L. interrogans mutant cells with host components. L. interrogans containing empty pMaOri.dCas9 (control) or knockdown mutants to

LipL32 (pMaOri.dCas9sgRNAlipL32), LipL41 (sgRNAlipL41), and LipL21 (sgRNAlipL21) were incubated (5 × 108 cells/mL) with optimized

concentrations of host components E-cadherin (A), collagen type IV (B), laminin (C), plasma (D), and cellular (E) fibronectin and fibrinogen (F).

Bacterial suspensions after incubation were centrifuged, and the resulting supernatant was removed and submitted to a second round of

centrifugation. The resulting supernatants were used to coat ELISA plates for component detection, along with a concentration curve. Plates were

washed, blocked with 3% BSA in PBS-T, incubated with antibodies for each component and horseradish peroxidase (HRP)-conjugated secondary

antibodies. Reactivity was revealed with o-phenylenediamine substrate, and the residual component mass in the supernatant was used to infer the

mass bound to the leptospiral surface. Statistical analysis was performed using one-way ANOVA, followed by the Tukey post-test for pairwise

comparisons of each group against control dCas9, and a P-value of <0.05 (*) was considered to be statistically significant.

plasmid was used, indicating the essential role of OmpL1 protein.
Possibly, the few colonies observed in the first experiment are
spontaneous mutants to spectinomycin, which has been shown to
appear in conjugation and transformation assays (Poggi et al., 2010;
Fernandes et al., 2019). Representative plates showing the colonies
are depicted in Supplementary Figure 2B.

E�ect of gene silencing on interaction with
host components

Supernatants after interaction of E-cadherin (10µg/mL),
collagen IV (0.625µg/mL), laminin (1µg/mL), plasma
(0.05µg/mL), cellular fibronectin (0.2µg/mL), and fibrinogen
(0.1µg/mL) with distinct Leptospira mutants were used to coat
ELISA plates for component detection, along with a concentration
curve for determining the percentage of component bound to the
leptospiral surface.

In regard to E-cadherin binding, a significant decrease was
achieved only for the LipL41 mutant in comparison with the
control containing only dCas9 (P < 0.05) (Figure 2A), whereas

an increase in binding was observed for the same mutant to
collagen IV (Figure 2B); this increased binding might be due to
an upregulation of leptospiral proteins that display higher affinity
for the component. Major proteomic changes were previously
demonstrated for the LipL32 knockdown mutant (Fernandes et al.,
2021c). Accordingly, binding to laminin was also increased in the
LipL21 mutant (P < 0.05) in comparison with the dCas9 control
(Figure 2C). No differences were observed in binding to either
plasma or cellular fibronectin (Figures 2D, E).

Even though binding to fibrinogen was affected when LipL41
protein was silenced (P < 0.05) (Figure 2F), no differential effect on
fibrin clot inhibition was observed after incubation of fibrinogen
with the mutants compared to the control cells containing only
pMaOri.dCas9 plasmid (Supplementary Figure 3).

Overall, despite the statistical significances obtained, no
substantial changes were observed in the differential interaction,
indicating that despite their major abundance on leptospiral
membrane, their role in the binding of the host components
assayed was minimal, either intrinsically or because of the
upregulation of other receptors to “fill the niche” left by
protein silencing.
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FIGURE 3

Interaction of leptospires with PLG and PLA formation. (A) Control or mutant L. interrogans cells were incubated with human plasminogen for

binding evaluation by ELISA. The residual component mass in the supernatant was used to infer the mass bound to the leptospiral surface. (B)

Leptospires (L) were incubated with human PLG, and cells were recovered by centrifugation and washed. Then, uPA along with the PLA substrate (S)

was added. Controls lacking at least one component of the reaction or with no leptospires were included. Statistical analysis was performed using

one-way ANOVA, followed by the Tukey post-test for pairwise comparisons of each group against control dCas9, and a P-value of <0.05 (*) was

considered to be statistically significant.

Interaction of the mutants with PLG and
PLA formation

Control and knockdown leptospires were allowed to interact
with human PLG (1µg/mL), and the supernatant was immobilized
in ELISA plates for component quantification, as described above.
A significant increase in binding was observed for LipL32 and
LipL21 mutants (P < 0.05), and the binding of LipL41 mutant to
PLG was unaffected (Figure 3A). Possibly, the overall proteomic
change as a direct result of gene silencing in the LipL32 and
LipL21 mutants favors binding affinity for PLG. However, plasmin
formation from the surface-bound PLG, after the addition of
exogenous uPA and substrate, was mostly unaffected despite
statistical significance (Figure 3B), strengthening again the notion
that, despite their major abundance in the leptospiral membrane,
their overall participation in PLG binding is minimal, which is
consistent with the numerous leptospiral PLG-receptors described
to date (Daroz et al., 2021).

Evaluation of mutants’ virulence in a
hamster model

To assess mutants’ phenotype in an animal model, each mutant
or control pMaOri.dCas9-containing leptospires were re-validated
by immunoblotting (Figure 4A) and then used to infect hamsters (n
= 8) intraperitoneally. When endpoint criteria were met (Table 3),
animals were humanely euthanized, and liver and kidney tissues
were extracted. In this study, the acute disease is defined by the
appearance of severe clinical symptoms in the first 7 days following
experimental challenge. Tissue macerates were used to inoculate

the medium without or with spectinomycin. All animals infected
with the positive control, L. interrogans containing pMaOri.dCas9
only, exhibited clinical signs of acute leptospirosis, with prominent
weight loss being observed first at day 4 (Figure 4B; Table 3). At day
7, seven out of eight animals (87.5%) had already met the endpoint
criteria (Figure 4C), while for one animal, even though 10% weigh
loss was observed at day 6, no evident clinical signs were observed,
and this animal fully recovered.

Consistent with earlier findings (Fernandes et al., 2021c), the
virulence of LipL32 was found to be significantly higher than that
of the control group (P < 0.05). By day 5, all animals in the
LipL32 group had met the endpoint criteria (Table 3) and exhibited
more severe clinical signs of leptospirosis, including a higher
number of moribund animals compared to the pMaOri.dCas9
only-infected group. The LipL32 mutant-infected group displayed
lower average weight at day 3 (P < 0.05) in comparison with the
other groups. Contrarily, no apparent sign of disease or weight
loss in the animals challenged with the LipL21 mutant strain was
observed (P < 0.05) (Figures 4B), even though the protein was
not completely silenced (>90% silencing), and two animals were
euthanized at day 6 for comparing the bacterial burden in a “acute”
time frame. For the LipL41 mutant-infected animals, no statistical
difference was observed in comparison with the pMaOri.dCas9
only-infected group, and animals first met endpoint criteria at day 6
(contrasting with day 4 in control and LipL32 mutant groups). On
day 7, five animals (62.5%) had already met endpoint criteria, and
the remaining animals, which displayed slight weight loss, could
fully recover. Individual weight measurements are presented in
Supplementary Figure 4.

In a subsequent experiment, a new set of virulent leptospiral
mutants was generated, validated (Figure 4D), and used to infect
animals. Given that the increased virulence of the LipL32 mutant
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FIGURE 4

Virulence of leptospiral mutants in hamster model of infection. LipL32, LipL41, and LipL21 knockdown mutants and control cells containing

pMaOri.dCas9 only were validated prior to animal infection (A, D), and groups of recently weaned female Syrian gold hamsters (n = 8 in the first

experiment and n = 4 in the second) were inoculated intraperitoneally with 5 × 107 distinct and passage-synchronized leptospires. Each animal was

monitored daily and weighed (B, E) for clinical signs of acute leptospirosis. Animals were humanely euthanized when weight loss (>10%) and/or

additional clinical signs (blood on paws/nose/urogenital tract, lethargy) was observed (C, F).

had already been established, only the LipL41 and LipL21
knockdown mutants were included in comparison with the control
group infected with pMaOri.dCas9-containning leptospires. In this
experiment, one set of animals from each group (n = 4) was
euthanized on day 4 to compare the bacterial burden in target
organs, while the other set (n= 5 or 4) wasmonitored until meeting
the endpoint criteria.

The relative weight of dCas9 only-infected animals dropped
at day 4 (Figure 4E; Table 3), consistent with all animals (n =

5) meeting endpoint criteria at day 5 (Figure 4F). In agreement
with the first experiment, all LipL21 mutant-infected animals
neither met endpoint criteria (P < 0.01) nor displayed weight loss,
confirming the attenuation due to LipL21 silencing and the role of
this protein in acute disease. The animals infected with the LipL41
mutant had delayed weight loss (Figure 4E; Table 3), and only 50%
met endpoint criteria (P < 0.05).

Mutant recovery from target organs and
bacterial burden quantification

In the first experiment, kidneys and livers from four animals
that were euthanized in the acute time frame were used to
prepare homogenates followed by inoculation in a liquid medium

with or without spectinomycin. Cultures were monitored daily
for the presence of motile leptospires, and a positivity score
was given depending on their presence and abundance in the
medium with antibiotics (mutant cells only). All kidney and
liver cultures from the pMaOri.dCas9 only and LipL32 mutant
were positive for the presence of leptospires; interestingly and
consistent with the increased virulence of LipL32 mutant, positive
cultures were recorded as soon as day 1 for all cultures from
kidney and three out of four liver homogenates of this group
(Figures 5A, B; Supplementary Figure 5). LipL32 mutant-derived
cultures also reached higher cell densities earlier than those
from the control group. In all cases, similar growth profile was
observed in cultures with or without spectinomycin, indicating
that most of the cells were still harboring the plasmids for
gene silencing.

Liver macerate cultures from LipL41 and LipL21 mutants were
negative for leptospires (Figure 5A), most probably because of
the later time point when these animals met endpoint criteria
(for LipL41 mutant-infected animals) or when animals were taken
for “acute time point” comparative purposes (LipL21 mutant).
Although kidney cultures were positive, they first turned positive
at days 5 and 7 for LipL41 and LipL21 mutant groups (Figure 5B;
Supplementary Figure 5), respectively, indicating lower bacterial
burden and/or cell viability of these mutants in regard to
pMaOri.dCas9 only control group.
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TABLE 3 Animal experiment results.

Endpoints/total Endpoint day Average weight (%)a

3 4 5

1st experiment

pMaOri.dCas9 7/8 4,4,5,5,5,6,7 109.1 102.6 97.1

pMaOri.dCas9sgRNAlipL32 8/8 4,4,4,4,4,4,5,5 106.5 96.4 92.52

pMaOri.dCas9sgRNAlipL41 5/8 6,6,6,7,7 110.4 107.4 101.1

pMaOri.dCas9sgRNAlipL21 0/8 6,6∗ 110.8 116.3 117.5

2nd experiment

pMaOri.dCas9 5/5 4,5,5,5,5 108.3 101 94.2

pMaOri.dCas9sgRNAlipL41 2/4 5,6 111.5 112.4 107.6

pMaOri.dCas9sgRNAlipL21 0/4 – 109.7 115.0 115.7

aCompared to day 0 (100%).
∗Animals taken for comparative purposes.

FIGURE 5

Leptospiral mutant isolation in a liquid medium and bacterial load quantification in target organs from infected animals. Kidney and liver from

euthanized animals were macerated and homogenates used to inoculate liquid EMJH medium plus spectinomycin (recovery of only mutant cells),

cultures were monitored daily regarding the presence of leptospires, and the day where they turned positive in the presence of antibiotics was

recorded [(A, B), first experiment, (E, F), second one]. Organs were also used for total DNA extraction and bacterial burden quantification by

quantitative PCR [(C, D), first experiment, (G, H), second one]. Bacterial loads are expressed in genome equivalents (Geq) per gram of tissue. Statistical

analysis was performed using one-way ANOVA, followed by the Tukey post-test for pairwise comparisons and a P-value of <0.05 (*) was considered

to be statistically significant.

The results of bacterial quantification in the liver (Figure 5C)
and kidney (Figure 5D) confirmed the higher bacterial load in
animals infected with LipL32 mutant, with a geometric mean of 4
× 107 in the liver, compared to 4.3 × 105 in the control animals,
and 9.1 × 107 in the kidneys, compared to 8.9 × 106 in control
animals. Because of animal variability in the pMaOri.dCas9 group,
statistical significance was not achieved between these groups. Liver
loads were reduced or not found in LipL41 mutant- and LipL21
mutant-infected animals. Kidney loads in the “acute time frame”
were reduced in these groups, with an average of 1.7 × 105 and 7.9

× 104 for LipL41 and LipL21 mutant-infected animals, contrasting
with 8.9× 106 in pMaOri.dCas9 only-infected group. Kidney loads
in the surviving animals were similar between groups (Figure 5D).

When acute time frame-synchronized animals were euthanized
(day 4) in the second challenge experiment, liver macerates
were positive for LipL41 mutant and pMaOri.dCas9 group at
day 1 of growth, the latter reaching higher cell densities earlier,
and in contrast, growth was observed at day 6 for the LipL21
mutant group (Figure 5E). Cultures from kidney macerates turned
positive at day 1 for all LipL41 mutant group and for three
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FIGURE 6

In vivo and in vitro silencing phenotype stability. (A) Protein silencing in leptospires sheltered at the target organs. Tissue macerates from kidney and

liver sections were centrifuged at low speed, and the supernatant was carefully recovered. After centrifugation, pellets were washed and

resuspended for preparation of cell lysates, which were evaluated by immunoblotting. Di�erent numbers of control leptospires were also used for

comparison purposes. (B) Target protein expression in leptospires cultured out of EMJH medium after inoculation of organ macerate, with (+) or

without (–) spectinomycin (40µg/mL), was also assessed. Bacteria were recovered from the medium and washed, and suspensions were then

counted. Whole-cell lysates corresponding to 5 × 106 leptospiral cells were evaluated by immunoblotting. For comparative purposes, various

amounts of wild-type (WT) leptospires or leptospires containing the control pMaOri.dCas9 were included in the experiment.

out of four in pMaOri.dCas9 control since the presence of
leptospires was only observable at day 2 in one of these cultures
(Figure 5F). Compatible with previous results, LipL21 mutant
cultures from kidney homogenates were positive at day 3 of
incubation (Figure 5F). Bacterial quantification results agreed with
macerates’ cultures, whereas liver loads were drastically reduced in
the LipL21 mutant-infected animals, which displayed an average
of 8.4 × 104 Geq/g of tissue, contrasting with 9 × 108 (P < 0.05)
and 1.5 × 108 (P < 0.05) for dCas9 only and LipL41 mutant-
infected animals, respectively (Figure 5G). Lesser extent contrasts
were found in the kidneys, with the similar number of leptospires
found in the dCas9 only and LipL41 mutant groups (3.4× 108) and
3.9× 107 in the LipL21 mutant-infected animals (Figure 5H).

Demonstration of phenotype stability in

vivo and in vitro

Exploiting the higher bacterial burden in target organs of
LipL32-infected animals, silencing profiles were assessed directly
from the tissue macerates from three animals, normalized by
volume. Lysates were separated by SDS-PAGE and proteins were
evaluated by immunoblotting. As depicted in Figure 6A, when
leptospires were detected in the macerates by co-incubation with
anti-LipL41 and anti-LipL32, only the LipL41 protein could be
detected, contrasting with intense LipL32 reactivity in wild-type

control at a different number of leptospires per well, directly
demonstrating the plasmid upkeep in vivo, and by consequence,
gene silencing. It is worth mentioning that leptospires from
the pMaOri.dCas9 only-infected organs could not be detected
in the lysates (data not shown), most probably due to lower
bacterial loads.

Tissue macerates were also used to inoculate EMJH medium
(50 µL in 5mL) with (+) or without (–) spectinomycin, the
latter to recover only mutant cells. For the acute time frame, cell
lysates from knockdown or control Leptospira after one in vitro

passage were compared. Regarding the mutants isolated from the
kidney and liver (in the case of LipL32 mutant), only a minor
target protein expression band was observed when leptospires grew
in medium without antibiotic (Figure 6B), whereas the presence
of the antibiotic resulted in the retrieval of only mutant cells.
Kidney macerate cultures from the LipL41 and LipL21 mutant-
infected animals confirmed the silencing in the presence of
spectinomycin, with only minor target protein reappearance when
no antibiotic was added to the medium (Figure 5B), confirming
phenotype stability.

Discussion

Extensive literature exists that focuses on understanding how
pathogenic Leptospira interact with their hosts (reviewed by Daroz
et al., 2021). This was primarily accomplished through analyzing
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the entire genome sequences, mainly of L. interrogans, resulting
in the creation of recombinant proteins that have been extensively
studied to determine their interaction with host components.
These studies have shed light on leptospiral surface-exposed
proteins that may be involved in colonization (Barbosa et al.,
2006; Pinne et al., 2010; Vieira et al., 2010b; Fernandes et al.,
2012; Siqueira et al., 2013; Teixeira et al., 2015; Silva et al.,
2016), invasion (Vieira et al., 2010a; Oliveira et al., 2013; Pereira
et al., 2017; Santos et al., 2018; Takahashi et al., 2021), and
immune evasion processes (Verma et al., 2006; Stevenson et al.,
2007; Barbosa et al., 2010; Castiblanco-Valencia et al., 2012, 2016;
Siqueira et al., 2016; Cavenague et al., 2019). Although in vitro

experiments have yielded promising results, researchers often
encounter frustration when the antigens fail to be protective in
vaccine tests or when mutants still prove to be virulent in animal
infection models.

The development and application of CRISPRi allowed easy,
specific, and one-step generation of knockdown mutants in
several pathogenic Leptospira, including the newly described
L. sanjuanensis (Fernandes et al., 2022) and L. borgpetersenii

(Fernandes et al., unpublished data), making it feasible to evaluate
virulence factors in an animal model (Fernandes et al., 2021c).
This scenario has brought the spotlight back to the evaluation of
the role of major OMPs in leptospiral pathogenicity, which could
ultimately guide the rationale for the generation of subunits and/or
chimeric vaccines.

LipL32 protein was first characterized by Haake et al. (2000),
when the authors concluded that this protein could be relevant to
Leptospira pathogenesis. However, a transposon mutant was still
capable of causing both acute and chronic disease as effectively as
the wild-type strain (Murray et al., 2009). Recently, a knockdown
LipL32 mutant obtained by CRISPRi was re-evaluated in a hamster
model, and the results consistently suggested that the silencing of
this protein leads to a more perceptible virulence phenotype, with
the presentation of early (and more severe) symptoms and higher
liver bacterial burden (Fernandes et al., 2021c).

To further confirm this interesting finding, a new batch of
LipL32 knockdown mutant was obtained and used to infect
hamsters. Accordingly, we demonstrated that LipL32 silencing
results in more virulent Leptospira cells, culminating in early and
more severe symptom presentation in hamsters, accompanied by
higher liver and kidney loads. Remarkably, taking advantage of this
higher organ load, we could demonstrate LipL32 silencing directly
from organ macerates, proving that silencing is maintained in vivo,

at least in the “acute” time frame.
The interaction of LipL32 mutant with host components was

unaffected, except for a slight increase in PLG binding, which could
be explained by minor participation of this protein in Leptospira–

host interactions or by a compensation mechanism due to the
upregulation of proteins with more affinity for host ligands to
fill the niche left by LipL32 silencing. Our results agree with
the ones from Murray et al. (2009) that showed that the LipL32
mutant binding to laminin was unaffected. Previous whole-cell
proteome analysis performed on the LipL32 mutant cells showed
an overall change in protein abundance profile, with 84 proteins
being upregulated, including the now well-established cooperative
virulence factors LigA and LigB, which could help explain the

increased virulence of this mutant. In addition, LipL41 and LipL21
proteins were significantly up- and downregulated in the LipL32
mutant, respectively (Fernandes et al., 2021c). However, these
differential expressions were not perceivable in our immunoblots.

LipL41 protein has been widely studied since it was first
described, including its interaction with host molecules (Takahashi
et al., 2021). Recombinant LipL41 protein could efficiently bind
to elastin, collagen IV, laminin, E-cadherin, cellular fibronectin,
PLG, and fibrinogen. In our results, the LipL41 knockdownmutant
displayed slight and significant decreased binding to E-cadherin
and fibrinogen (but fibrin clot formation was unaffected), whereas
an increase was observed for collagen IV binding.

When a transposon mutant for LipL41 (L. interrogans serovar
Pomona) was assessed in a hamster model of infection, it was still
virulent as no animals survived the infection (King et al., 2013).
Our animal infection results indicated that, even though the LipL41
knockdown mutant was still virulent, some animals could still
survive the lethal challenge, with less severity observed in those that
succumbed to infection and later endpoint dates, suggesting that a
slight attenuation in virulence could occur by LipL41 silencing in
L. interrogans strain Fiocruz L1-130. It is possible that attenuation
could be more distinguishable by different infection routes or
inoculum sizes. By comparing liver and kidney loads in time-
synchronized animals, only a minor reduction in liver burden was
observed in comparison with control leptospires containing only
the pMaOri.dCas9 plasmid.

Supported by the data that LipL41 elicited a synergistic
protection profile along with the porin OmpL1 against lethal
challenge in hamsters (Haake et al., 1999), a double knockdown
mutant was pursued but no colonies could be recovered; silencing
of OmpL1 alone, in both pathogenic L. interrogans and saprophytic
L. biflexa, was also not possible, suggesting the essentiality of
OmpL1 protein.

OmpL1 protein is a unique porin encoded by Leptospira

spp., and its topological model contains ten amphipathic
transmembrane β-strands (Haake et al., 1993; Shang et al., 1995).
The outer face of the β-strand is characterized by its hydrophobic
nature, facilitating interactions with the lipid bilayer. On the
contrary, the inner face exhibits hydrophilic properties, allowing
it to interact with the aqueous pore within the protein (Haake
et al., 1993). The porin superfamily is composed of proteins
that form membrane-spanning, water-filled channels permitting
the diffusion of hydrophilic molecules into the periplasmic space
(Jeanteur et al., 1991). Some exception can occur since it was
previously described that outer membrane protein OmpW from E.

coli (Hong et al., 2006) and OprG from Pseudomonas aeruginosa

(Touw et al., 2010) form an eight-stranded beta-barrel with the
hydrophobic channel. Major outer membrane porin (PorB), which
mediates ion exchange between Neisseria gonorrhoeae and the
environment (Chen and Seifert, 2014), was shown to be essential
to these bacteria, likely due to its ability to allow nutrients access
to the periplasm (Haines et al., 1988). In this sense, OmpL1 protein
could be mechanistically involved in nutrient uptake or membrane
integrity in Leptospira spp.

LipL21 has been shown to be a surface-exposed protein
in L. interrogans by previous studies (Cullen et al., 2003;
Techawiwattanaboon et al., 2021). Seeking to explore the potential
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role of native LipL21 in virulence and host–pathogen interactions,
a knockdown LipL21 mutant was obtained. LipL21 mutant
Leptospira binding to host components was mostly unaltered, with
only a modest increase in laminin and PLG binding; however, when
used to infect hamster, the LipL21 mutant was consistently unable
to cause acute disease.

Evaluation of target organ loads in time-synchronized “acute
phase” animals revealed remarkably decreased liver loads (∼4
logs) in LipL21 mutant-infected animal in comparison with the
control, whereas kidney loads were only slightly reduced. These
results agree with the animal phenotype displayed by the LigA/B
knockdown mutant (Fernandes et al., 2021c), which also causes
asymptomatic infections in hamster with renal colonization and
with drastically reduced liver loads, hinting that bacterial hepatic
concentration in the early time point of infection could be a feature
of acute leptospirosis, which is also in agreement with the higher
liver loads of the more severe LipL32 mutant.

There are several mechanisms that could explain this virulence
attenuation. It has been previously shown that LipL21 protein
is tightly bound to the leptospiral peptidoglycan, protecting it
from degradation into muropeptides, thereby blocking signaling
through nucleotide oligomerization domain (NOD)-like receptors
(NOD1 and NOD2) proteins, potentially helping L. interrogans

to circumventing innate host responses (Ratet et al., 2017). Even
though both interactions with periplasmic peptidoglycan and
surface-exposure could be mutually exclusive features due to
LipL21 size, it has been proposed that this protein could coexist
in two forms, one residing in the periplasm and another free in the
outer membrane (Ratet et al., 2017), similar to the Lpp protein from
E. coli (Cowles et al., 2011).

In addition, Kumar et al. (2022) demonstrated that
recombinant LipL21 interacts with complement negative regulator
C4bp and FH, favoring serum resistance, and displays in vitro

nuclease activity toward neutrophil extracellular trap (NET);
LipL21 protein can modulate neutrophil function by inhibiting
myeloperoxidase (MPO) activity (Vieira et al., 2018).

The virulence phenotype of double or triple mutants remains
to be evaluated since the multiple mutants obtained in this
study displayed genetic instability during in vitro cultivation. The
usage of different promoters for different sgRNA cassettes for
avoiding recombination or pursuing gene silencing in the genetic
background of a recently obtained L. interrogans knockout for
LipL32 (Fernandes and Nascimento, 2022) are interesting strategies
and are being evaluated by our group.

In conclusion, we demonstrated augmented bacterial virulence
as a result of LipL32 silencing, and a subtle attenuation
of acute disease presentation in the LipL41 mutant. LipL21
silencing resulted in the inability of leptospires to cause acute
disease, even though they could still colonize the kidney. The
participation of OmpL1 porin in virulence and host–pathogen
interaction could not be determined, since its silencing was
lethal to both saprophyte and pathogenic Leptospira, indicating
its essentiality to leptospiral basic biology. CRISPRi is now a
well-established genetic tool for exploring leptospiral pathogenic
mechanisms that will increase our knowledge of this fascinating
microorganism and add new pieces to the complex puzzle
of leptospirosis.
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SUPPLEMENTARY FIGURE 1

Phenotype instability in the double LipL32/LipL41 mutants. After colony

formation, distinct colonies (a to d) were selected and grown in a liquid

medium plus spectinomycin (P1) and then re-inoculated in the same

medium and monitored until mid-log phase (P2). Cell lysates from both P1

and P2 cultures were evaluated by immunoblotting with anti-LipL32,

anti-LipL41, and anti-LipL21 antisera.

SUPPLEMENTARY FIGURE 2

OmpL1 silencing is lethal to L. biflexa cells. Plasmids pMaOri.dCas9 alone or

containing a sgRNA cassette targeting the ompL1 gene were delivered by

conjugation to L. biflexa cells. Colonies recovered in EMJH plates plus

spectinomycin were counted in two independent experiments (A), and

representative images of the plates were taken (B).

SUPPLEMENTARY FIGURE 3

Fibrinogen binding and fibrin clot inhibition by leptospires. (A) L. interrogans

containing empty pMaOri.dCas9 (control) or knockdown mutants to LipL32

(pMaOri.dCas9sgRNAlipL32), LipL41 (sgRNAlipL41), and LipL21

(sgRNAlipL21) were incubated with human fibrinogen for binding evaluation

by ELISA. Reactivity was revealed with o-phenylenediamine substrate, and

the residual component mass in the supernatant was used to infer the mass

bound to the leptospiral surface. Statistical analysis was performed using

one-way ANOVA, followed by the Tukey post-test for pairwise comparisons

of each group against control dCas9, and a P-value of < 0.05 (∗) was

considered to be statistically significant. (B) Leptospires were resuspended

in a human fibrinogen solution (1 mg/mL) to a final OD420nm of 0.5. After 2 h

incubation at 37◦C, 90 µL of the incubation reactions were added to each

well of a microdilution plate and mixed with 10 µL of 0.5 U/mL human

thrombin. Experiments were performed with six replicates, and controls

with no leptospires (maximal fibrin clot formation) or no thrombin (no fibrin

clot formation) were included. Plates were read at 600nm at 2-min

intervals. The results are expressed in percentage of clot formation, where

clot turbidity in the control with no leptospires was considered 100%.

SUPPLEMENTARY FIGURE 4

Daily measurements of hamsters’ weight. Animals’ weight from the first and

second experiments were recorded daily. For each animal, individual weight

displayed at day 0 was considered 100%. LipL32 mutant was not included in

the second experiment.

SUPPLEMENTARY FIGURE 5

Daily observation and positivity scores from medium inoculated with tissue

macerates. Cultures containing spectinomycin (retrieval of only mutant

leptospires) were monitored daily for the presence and abundance of

leptospires, and positivity scores were recorded. 1: 1 to 10 leptospires per

field; 2: 10 to 100; 3: >100 leptospires per field. LipL32 mutant was not

included in the second experiment.
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Introduction: The current study aimed to quantitatively synthesize available 
evidence regarding the seroprevalence of human toxocariasis in Latin America and 
the Caribbean.

Methods: A systematic research involving six electronic databases was conducted 
using a research strategy that combined MeSH terms with free terms. Article selection 
and information extraction were performed using a double and independent 
approach. The Newcastle-Ottawa  tool was used to assess the risk of bias in the 
included articles. The meta-analysis used the random-effects approach, with 
subgroup analysis and sensitivity analysis for risk of bias also being performed.

Results: We included 101 articles with a total of 31,123 participants. The studies were 
conducted between 1990 and 2022, with Brazil accounting for the largest number 
of studies (n = 37). The overall seroprevalence of human toxocariasis was 31.0% 
(95% CI: 27.0-35.0%, I2 = 99%). The prevalence of the main characteristics observed 
in seropositive patients were as follows: ocular toxocariasis (30.0%), asymptomatic 
(26.0%), and presence of dogs at home (68.0%). In addition, the seroprevalence was 
lower in studies including only adults than in those including children or both. In 
contrast, no differences in seroprevalences were found between studies conducted 
in the community and hospital.

Conclusion: The overall seroprevalence of human toxocariasis in Latin America 
and the Caribbean was high. Notably, our findings showed that the seroprevalence 
was increased among populations who kept a dog at home but was decreased 
in populations comprising only adults. Our findings can be used to establish 
epidemiological surveillance strategies for the prevention and early identification of 
toxocariasis.
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1. Introduction

Toxocariasis is a zoonosis caused by the larvae of two main species 
of Toxocara, Toxocara canis found in dogs and Toxocara cati found in 
cats (1, 2). Although other species, such as Toxocara leonina found in 
foxes, can also cause toxocariasis, T. canis has been most associated 
with human toxocariasis (3). Toxocariasis is a prevalent parasitic 
disease with a significant socioeconomic impact in symptomatic 
patients, especially among poor communities, and at the governmental 
level, with the need for investments in animal deworming campaigns 
(4, 5). Although infected humans may be asymptomatic, toxocariasis 
in human always causes extraintestinal pathologies (5). As such, 
toxocariasis has been associated with various short- and medium-
term diseases, such as ocular disease (4), heart disease, stroke, heart 
failure (6), childhood asthma (7), allergic skin disorders (8), epilepsy 
(9), or diseases of the urinary system (10), although evidence for this 
remains inconclusive. Hence, health care systems should prioritize the 
diagnosis and adequate treatment of this condition.

Toxocariasis is particularly prevalent in the tropics, subtropics, 
and in low- and middle-income countries where treatment and canine 
population control is limited (11). However, the prevalence of 
toxocariasis has varied. Studies estimating the prevalence of specific 
serum anti-Toxocara antibodies found that it was 0.7% in 
New Zealand, 1.6% in Japan, 2.4% in Denmark, 6.3% in Austria, 7% 
in Sweden, 14% in the United  States, and 31% in Ireland (12). 
Nevertheless, higher prevalence rates were observed in some ethnic 
and socioeconomically disadvantaged groups, such as Iran (22%) and 
Nepal (81%) (12). This suggests that in countries with large 
socioeconomically disadvantaged groups, better measures are needed 
to prevent the complications of this disease, including determination 
of its prevalence based on which future prevention and/or control 
programs can be implemented (12).

Latin America and the Caribbean are heterogeneous regions with 
inequities that impact various health indicators (13, 14), including 
some coexisting conditions that are associated with increased risk of 
toxocariasis. These include warm, humid regions where eggs survive 
better in the soil; low levels of education; and areas with a lower 
human development index and poor environmental sanitation and 
hygiene (4). Hence, a systematic review found that the prevalence of 
specific anti-Toxocara antibodies was 27.8% in South American 
countries and 12.8% in North American countries, suggesting 
potentially frequent infections at the population level (12).

Despite the numerous studies on seroprevalence, to the best of our 
knowledge, no study has yet synthesized available evidence regarding 
the seroprevalence of human toxocariasis in Latin American countries 
according to certain clinical and sociodemographic conditions. 
Therefore, the present study aimed to synthesize evidence on the 
seroprevalence of human toxocariasis in Latin America and the 
Caribbean through a systematic review and meta-analysis.

2. Methods

2.1. Registration and reporting

A short version of the protocol for this systematic review was 
uploaded to the International Prospective Register of Systematic 
Reviews (PROSPERO) [CRD42023389135]. The manuscript follows 

the Preferred Reporting Items for Systematic Reviews and Meta-
Analyzes (PRISMA) statement for reporting results (15).

2.2. Search strategy and databases

The search strategy used MeSH, Emtree, and free terms following 
the Peer Review of Electronic Search Strategies (PRESS) Checklist 
(16). A search formula was created to retrieve studies assessing the 
seroprevalence of T. canis in humans. Afterwards, it was adopted for 
all employed databases, without date or language restrictions. Preprint 
databases and reference lists of the included studies were also 
manually searched. A systematic search of the following databases was 
performed simultaneously on December 23, 2022: PubMed, Scopus, 
Embase, LILACS, Scielo, and Web of Science. The complete search 
strategy is detailed in Supplementary Table S1 attached as 
Supplementary material.

2.3. Study selection and data extraction

All phases of study selection were independently performed by 
two authors (E.A.A-B and E.A.H-B). The eligibility criteria were (1) 
cross-sectional studies assessing the (2) seroprevalence of T. canis in 
humans. We excluded narrative reviews, scoping reviews, systematic 
reviews, and conference abstracts. Duplicates were removed using 
EndNote 20.1 ©. The remaining studies were then exported to Rayyan 
QCRI © for screening according to titles and abstracts (17). After 
identifying potential studies for inclusion, the authors independently 
assessed the full text of each one. Any conflict or discrepancy in any 
phase of the study selection process was resolved via consensus. Data 
extraction was independently performed by four authors (J.R.U-B, 
X.L.C-T, R.A.S-A and M.A.H-C) using a standardized data extraction 
sheet created using Microsoft Excel ©. The following pieces of 
information were extracted: author names, publication date, country, 
type population, sample size, survey modality, and seroprevalence of 
human toxocariasis in Latin America and the Caribbean.

2.4. Risk of bias and publication bias

Quality assessment was performed independently by four authors 
(J.R.U-B, X.L.C-T, R.A.S-A and M.A.H-C). We used the Newcastle-
Ottawa Scale (NOS) for cohort/case–control studies and the adapted 
version of the Newcastle-Ottawa Scale for cross-sectional studies 
(NOS-CS) (18). Studies with a score of ≥7 stars were considered to 
have a low risk of bias (high quality), whereas those with a score of <7 
stars were considered to have a high risk of bias (low quality). 
Publication bias was not assessed given that it is not recommended for 
proportional meta-analyzes considering the lack of evidence that 
proportions are adjusted correctly (19, 20).

2.5. Data synthesis

Statistical analysis was performed using STATA 17.0 ©. 
We conducted a pooled analysis of the seroprevalences of human 
infections according to T. canis. The 95% confidence intervals (CI) for 
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the proportions reported in each study were calculated using the 
Clopper–Pearson method. The Freeman–Tukey double arcsine 
transformation was used as the variance stabilizer. A random-effects 
model (Dersimonian and Laird) was created for quantitative analysis. 
Between-study heterogeneity was assessed using the Cochran’s Q test 
and I2 statistic. Values ≥60% indicated high heterogeneity for the I2 
statistic, whereas p values <0.1 indicated heterogeneity in Cochran’s Q 
test. In addition, we  conducted a subgroup analysis according to 
continent and population groups and a sensitivity analysis excluding 
studies with high risk of bias.

3. Results

3.1. Search results

The systematic search identified a total of 4,355 studies. After 
removing 1,620 duplicate studies, 2,735 studies remained for further 
screening. Subsequently, screening according to abstracts and titles 
was performed, after which 230 studies remained. Finally, the full texts 
of the remaining studies were evaluated, and 101 studies were found 
to satisfy all eligibility criteria (21–121). This selection process is 
summarized in the PRISMA flow diagram (Figure 1).

3.2. Study characteristics

A total of 101 studies with 31,123 participants were included. The 
studies were conducted between 1990 and 2022 and were developed 
in the following countries: Brazil (35 studies), Argentina (13 studies), 
Venezuela (10 studies), Mexico (10 studies), Peru (11 studies), 
Colombia (5 studies), Bolivia (3 studies), Cuba (3 studies), Chile (2 
studies), Ecuador (2 studies), Puerto Rico (1 study), 
Trinidad and Tobago (1 study), Saint Lucia (1 study), Paraguay (1 
study), Honduras (1 study), Jamaica (1 study), and multiple Caribbean 
countries (1 study). In all studies, seroprevalence was assessed using 
ELISA method (Table 1).

During the quality assessment of the studies using NOS and NOS-CS, 
5 studies were found to have a high risk of bias, whereas the remaining 96 
were found to have a low risk of bias (Supplementary Table S2).

3.3. Seroprevalence of human toxocariasis

Some meta-analyzes results are summarized in Table 2 given the 
large number of studies involved, which diminish the quality of the 
images. All 101 studies were included in the meta-analysis. Notably, 
the seroprevalence of human toxocariasis in Latin America and the 
Caribbean was 31.0% (95% CI: 27.0–35.0%) with high heterogeneity 
across all studies (I2 = 99%). Subgroup analysis according to country 
showed no decrease in heterogeneity in any of the countries: Brazil 
(28%), Argentina (37%), Venezuela (22%), Mexico (19%), Peru (34%), 
Colombia (39%), Bolivia (19%), Cuba (28%), Chile (26%), and 
Ecuador (64%). Analysis according to age group revealed no decrease 
in heterogeneity in any of the groups: Children and adults (31%), 
adults (20%), and children (32%). Subgroup analysis according to 
sample collection site found no decrease in heterogeneity in any of the 
groups: Community (30%) and Hospital (31%). Finally, sensitivity 

analysis revealed no evidence of a decrease in heterogeneity with a 
seroprevalence of 30.0% (95% CI: 26.0–34.0%, I2 = 99.03).

3.4. Characteristics of patients seropositive 
for human toxocariasis

Ocular toxocariasis in patients with human toxocariasis was 
evaluated in 17 studies (Figure 2), revealing a prevalence of 30.0% 
(95% CI: 15.0–45.0%) with a high heterogeneity among studies 
(I2 = 98.49%). Meanwhile, the number of asymptomatic patients with 
human toxocariasis was evaluated in 9 studies (Figure 3), revealing a 
prevalence of 26.0% (95% CI: 2.0–50.0%) with a high heterogeneity 
among studies (I2 = 99.02%). Finally, the seroprevalence of toxocariasis 
in patients with dogs at home was evaluated in 36 studies, revealing a 
prevalence 68.0% (95% CI: 61.0–75.0%; Figure  4) with a high 
heterogeneity among studies (I2 = 96.15%).

4. Discussion

The main findings of the current study show that 3 out of 10 
participants were seropositive for T. canis, with the same findings 
obtained at the community and hospital levels. A comparison between 
children and adults showed that 3 out of 10 children and 2 out of 10 
adults were seropositive for T. canis. Meanwhile, two-thirds of patients 
living with dogs in homes were seropositive. Variations in 
seroprevalence had been noted among countries, with Honduras and 
Puerto Rico showing an increased and decreased seroprevalence, 
respectively. One-fourth of the seropositive patients were 
asymptomatic and one-third of them had ocular involvement.

The worldwide prevalence of Toxocara in humans is influenced, 
at the population level, by environmental, geographic, cultural, and 
socioeconomic factors and, at the individual level, by susceptibility to 
infection, which is consequently influenced by immunity, co-infection, 
genetics, age, nutrition, or the sex of the host (11). These factors, along 
with population growth, global migration, and rural–urban migration, 
have promoted increasingly close human–host interactions, making 
toxocariasis a dynamic public health problem (11). However, some 
systematic reviews have attempted to determine its seroprevalence.

A systematic review that calculated the overall prevalence of 
serum anti-Toxocara antibodies in humans found that one-fifth of 
the world’s population is seropositive for Toxocara, with Africa 
showing increased seropositive rates with a mean of 37.7% and the 
Eastern Mediterranean region showing decreased rates with a mean 
of 8.2%. Evidencing in South American countries, specifically in 
Latin America and the Caribbean, showed an average seroprevalence 
of 27.8% (range 23.1–32.7%) and was 12.8% in North American 
countries (range 10.0–15.8%) (122). These results show the 
heterogeneity of prevalence in the countries within the region, 
similar to that observed herein and in various systematic reviews 
involving other regions globally.

In fact, a systematic review that determined the burden of 
toxocariasis in North America found that prevalence estimates ranged 
from 0.6% in a Canadian Inuit community to 30.8% in Mexican 
children with asthma (123). In Africa, another systematic review 
found that, despite underdiagnosis, human exposure to Toxocara is 
widespread in various geographical areas and different populations in 
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Africa and occurs in virtually all climatic zones, with seroprevalences 
greater than 80% in some populations such as in Makoko, Nigeria, or 
La Réunion (124). Finally, the seroprevalence among the general 
European population was 6.2%, although no significant differences 
were observed among the combined prevalence rates of the European 
subregions (125).

These differences may be due to the varying proportion of risk 
factors in the studies, which also vary among the regions studied and, 
in some cases, are common in Latin American and Caribbean 
countries. Globally, areas with a low human development index and 
income levels, those located within the low-latitude regions, those 
having high ambient temperature, and those with increased 
precipitation have been associated with a high prevalence of serum 
anti-Toxocara antibodies (122). Other risk factors include male sex; 
living in rural areas; young age; close contact with dogs, cats, or soil; 
consumption of raw meat; and consumption of untreated drinking 
water (122). In North America, commonly cited risk factors include 
African American race, poverty, male sex, pet ownership, or 
environmental contamination by animal feces (123). Additionally, 
apart from the differences in serodiagnostic methods used, other 

systematic reviews likely included other types of Toxocara, unlike our 
research, which only evaluated the seroprevalence of T. canis, 
precluding direct comparisons between our results (5). Likewise, a 
limitation of T. canis antigen tests, which is their cross-reactivity with 
other helminths such as Ascaris lumbricoides, needs to be considered, 
particularly in endemic areas (5) given the potential for overestimating 
the seroprevalence of T. canis in Latin America and the 
Caribbean (126).

Our study, which evaluated not only overall seroprevalence but 
also differences according to site of evaluation and age group, found 
that around 3 out of 10 seropositive patients were asymptomatic. In 
most patients, Toxocara infections were not severe, and several 
people, especially adults infected with a small number of larvae, 
may remain asymptomatic or have mild or nonspecific symptoms 
that go undiagnosed, with more severe cases being rare (4). In this 
sense, the similarity in seroprevalence at the hospital and 
community levels could be attributed the low disease severity in 
majority of the cases. Similarly, although the percentage of 
asymptomatic patients in our study is important, we emphasize that 
positive results in serological test for antibodies against Toxocara, 

FIGURE 1

PRISMA flow diagram.
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TABLE 1 Characteristics of the included studies.

Author Year Country Type of 
population

Sample 
collection 
site

Participants 
(male/
female)

Number of 
seropositive 
participants

Seroprevalence 
of Toxocara 

infection

Ocular 
toxocariasis in 
seropositive 
participants

Seropositive 
participants 
with dogs at 
home

Asymptomatic 
seropositive 
participants

Acero M et al. 2001 Colombia Children Community 193 (114/79) 14 7.30% NR 8 NR

Agudelo C et al. 1990 Colombia Children and Adult Community 202 (NR/NR) 95 47.50% NR NR NR

Aguiar-Santos AM et 

al.

2004 Brazil Children Hospital 386 (269/117) 152 39.40% NR NR NR

Alderete J et al. 2003 Brazil Children Community 399 (196/203) 155 38.80% NR NR NR

Alonso JM et al. 2004 Argentina Children and adult Hospital 355 (30/325) 138 38.00% NR NR NR

Alvarado-Esquivel C 

et al. (A)

2013 Mexico Adults Hospital 90 (34/56) 12 13% 4 1 NR

Alvarado-Esquivel C 

et al. (B)

2014 Mexico Children and Adult Community 126 (53/73) 33 26.20% NR NR NR

Alvarado-Esquivel C 

et al. (C)

2014 Mexico Children and Adult Community 336 (306/30) 6 1.80% NR NR NR

Anaruma Filho F et al. 2002 Brazil Children and Adult Community 138 (87/51) 33 23.90% NR 9 NR

Araujo Z et al. 2015 Venezuela Children and Adult Community 50 (21/29) 5 10% NR NR NR

Archelli S et al. (A) 2014 Argentina Children Community 120 (NR/NR) 46 38.33% NR NR NR

Archelli S et al. (B) 2018 Argentina Children and Adult Community 98 (NR) 40 40.80% NR NR NR

Baboolal S et al. 2002 Trinidad 

and Tobago

Children Community 1,009 (498/511) 629 62.33% NR NR NR

Berrocal J et al. 1980 Puerto Rico Children and Adult Hospital 671 (NR/NR) 44 6.50% NR NR NR

Bojanich MV et al. 2008 Argentina Children Community 273 (144/129) 168 61.54% NR 153 NR

Cabral M et al. 2022 Brazil Children Community 412 (NR/NR) 234 56.80% NR 179 NR

Campos-Junior D et al. 2003 Brazil Children Hospital 602 (NR/NR) 75 12.45% NR NR NR

Cancrini G et al. 1998 Bolivia Adults Community 216 (NR/NR) 73 34% NR NR NR

Cermeño J et al. 2016 Venezuela Children Community 146 (73/73) 43 32.20% 1 43 29

Chieffi P et al. 1990 Brazil Children and Adult Community 2025 (1,219 /806) 70 3.46% NR NR NR

Chiodo P et al. 2006 Argentina Children and Adult Community 100 (46/54) 23 23% NR 23 NR

Coelho LM et al. 2004 Brazil Children Community 180 (92/88) 69 38.33% NR 53 NR

Colli C et al. 2010 Brazil Children Community 376 (NR/NR) 194 51.60% NR NR NR

Cook J et al. 2016 Jamaica Children and Adult Community 1,447 (738/709) 304 21% NR NR NR

Correa C et al. 2009 Brazil Children Community 100 (NR/NR) 28 28% NR NR 28/28

(Continued)

57

https://doi.org/10.3389/fpubh.2023.1181230
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


U
llo

q
u

e-B
ad

aracco
 et al. 

10
.3

3
8

9
/fp

u
b

h
.2

0
2

3.118
12

3
0

Fro
n

tie
rs in

 P
u

b
lic H

e
alth

fro
n

tie
rsin

.o
rg

TABLE 1 (Continued)

Author Year Country Type of 
population

Sample 
collection 
site

Participants 
(male/
female)

Number of 
seropositive 
participants

Seroprevalence 
of Toxocara 

infection

Ocular 
toxocariasis in 
seropositive 
participants

Seropositive 
participants 
with dogs at 
home

Asymptomatic 
seropositive 
participants

Damian M et al. 2007 Brazil Children and Adult Community 100 (NR/NR) 52 52% NR NR NR

Dattoli V et al. 2011 Brazil Adults Community 306 (108/198) 124 46.30% NR NR NR

De Abreu A et al. 2011 Venezuela Children Community 215 (112/103) 74 34.40% NR NR NR

Devera R et al. 2015 Venezuela Children Community 547 (223/3244) 269 58.90% NR 206 NR

Díaz-Suárez O et al. 2010 Venezuela Children and Adult Community 83 (42/41) 18 21.68% NR NR NR

Espinoza Y et al. (B) 2008 Peru Children Community 182 (NR/NR) 59 32.40% 36 58 1

Espinoza Y et al. (A) 2010 Peru Children and Adult Community 303 (128/175) 62 20.46% 11 NR NR

Espinoza Y et al. (C) 2003 Peru Children and Adult Hospital 553 (NR/NR) 129 23.32% NR NR NR

Figuereido S et al. 2005 Brazil Children Hospital 208 (NR/NR) 114 54.80% NR NR NR

Fillaux J et al. 2007 Argentina Children and Adult Hospital 114 (45/69) 36 31.57% NR 14 NR

García-Pedrique ME 

et al.

2004 Venezuela Children Community 72 (45/27) 7 9.72% NR NR NR

Gétaz-Schaller L et al. 2007 Peru Children Hospital 150 (72/78) 24 16% NR 15 NR

Guilherme E et al. 2013 Brazil Children Hospital 167 (NR/NR) 7 4.20% NR 5 0

Guo F et al. 2016 Multiple 

Caribbean 

countries

Adults Hospital 435 (0/435) 63 14.50% NR NR NR

Heredia R et al. 2014 Mexico Adults Community 200 (NR/NR) 20 10% NR 15 NR

Hernández S et al. 2020 Honduras Children and Adult Community 88 (43/45) 80 90.90% NR NR NR

Kanobana K et al. 2013 Cuba Children Hospital 958 (504/454) 384 40.10% NR NR NR

Lescano S et al. 1998 Peru Children and Adult Community 1,023 (740/283) 75 7.33% NR NR NR

Lima-Coêlho R et al. 2005 Brazil Children Community 215 (NR/NR) 26 12.09% NR NR NR

Lopez MA et al. 2010 Argentina Children Hospital 100 (NR/NR) 55 55% NR NR NR

Lozano-Beltrán D et al. 2011 Bolivia Children Hospital 82 (NR/NR) 5 6.50% NR 5 NR

Lynch NR et al. (A) 1988 Venezuela Children Hospital 476 (NR/NR) 56 11.7% NR 37 NR

Lynch NR et al. (B) 1993 Venezuela Children Hospital 368 (NR/NR) 74 20.10% NR NR NR

Manini M et al. 2012 Brazil Children Community 90 (NR/NR) 16 17.80% NR NR NR

Marchioro A et al. 2015 Brazil Children Community 544 (299/245) 136 25% NR NR NR

Martín U et al. (A) 2014 Argentina Children Community 857 (NR/NR) 335 59.70% NR NR NR

Martín U et al. (B) 2008 Argentina Children Community 100 (62/38) 59 59% 5 NR NR

(Continued)
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Author Year Country Type of 
population

Sample 
collection 
site

Participants 
(male/
female)

Number of 
seropositive 
participants

Seroprevalence 
of Toxocara 

infection

Ocular 
toxocariasis in 
seropositive 
participants

Seropositive 
participants 
with dogs at 
home

Asymptomatic 
seropositive 
participants

Martínez M et al. 2018 Venezuela Children Hospital 259 (148/111) 37 14.30% 5 25 NR

Mattia S et al. 2011 Brazil Children Community 353 (NR/NR) 130 36.80% NR 78 NR

Meza D et al. 2010 Colombia Children Community 133 (57–76) 56 42.10% 1 38 NR

Minvielle M et al. 2000 Argentina Adults Hospital 180 (47/133) 19 10.60% NR NR NR

Miranda-Choque E 

et al.

2014 Peru Children Hospital 242 (92/150) 148 61.20% 16 NR NR

Montalvo A et al. 1994 Cuba Children Community 152 (NR/NR) 8 5.20% NR NR NR

Morocoima A et al. 2021 Venezuela Children Hospital 118 (50/68) 22 18.60% 14 NR NR

Muñoz-Guzmán M 

et al.

2010 Mexico Children Hospital 437 (NR) 118 27% NR NR NR

Muradian V et al. 2005 Brazil Children Community 338 (NR/NR) 89 26–9% NR NR NR

Nava-Cortés N et al. 2015 Mexico Children Community 183 (97/86) 22 12.02% NR 8 NR

Negri E et al. 2013 Brazil Adults Community 253 (148/105) 22 8.70% NR 14 NR

Nicoletti A et al. 2002 Bolivia Children and Adult Community 346 (NR/NR) 56 24.80% NR NR NR

Oliart-Guzmán H et al. 2014 Brazil Children Community 539 (NR/NR) 106 19.66% NR NR NR

Orlando-Indacochea N 

et al.

2018 Ecuador Children Community 50 (NR) 18 36% NR NR NR

Ortega-Pacheco A 

et al.

2015 Mexico Adults Community 84 (8/76) 19 22.60% 16 NR NR

Oviedo-Vera A et al. 2021 Ecuador Children Hospital 290 (NR) 200 69% NR NR NR

Paludo M et al. 2007 Brazil Children Hospital 130 (NR/NR) 36 28.80% NR 78 NR

Paranhos-Fragoso 

et al.

2011 Brazil Children Hospital 391(NR/NR) 202 51.60% NR 78 NR

Pereira L et al. 2016 Brazil Adults Hospital 311 (0/311) 23 7.20% NR NR NR

Prestes-Carneiro L 

et al. (A)

2008 Brazil Children Community 79 (NR/NR) 17 21.50% NR NR NR

Prestes-Carneiro L 

et al. (B)

2009 Brazil Children and Adult Community 182 (64/118) 25 13.73% 8 20 4

Prestes-Carneiro L 

et al. (C)

2013 Brazil Children and Adult Community 194 (101/93) 102 52.60% NR 67 NR

Pulcha-Ugarte R et al. 2021 Peru Children Community 61 (33/28) 22 36.10% NR 7 NR

(Continued)

TABLE 1 (Continued)
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TABLE 1 (Continued)

Author Year Country Type of 
population

Sample 
collection 
site

Participants 
(male/
female)

Number of 
seropositive 
participants

Seroprevalence 
of Toxocara 

infection

Ocular 
toxocariasis in 
seropositive 
participants

Seropositive 
participants 
with dogs at 
home

Asymptomatic 
seropositive 
participants

Radman NE et al. 2000 Argentina Children and Adult Hospital 156 (NR/NR) 61 39.10% 4 NR 10

Ramírez-Bustamante C 

et al.

2010 Peru Children and Adult Hospital 41 (21/20) 31 75.60% 31 NR NR

Ribeiro L et al. 2012 Brazil Children Community 1,445 (NR/NR) 540 47% NR NR NR

Rivarola M et al. 2009 Paraguay Children Community 68 (NR) 53 78% NR NR NR

Rodriguez C et al. 2006 Brazil Children Hospital 242 (NR/NR) 21 8.70% NR NR NR

Roldan W et al. (A) 2008 Peru Children Community 200 (96/104) 62 31% 13 43 NR

Roldan W et al. (B) 2009 Peru Adults Community 256 (NR/NR) 115 44.92% 16 109 27

Roldan W et al. (C) 2010 Peru Children and Adult Community 300 (112/188) 107 35.66% 39 89 5

Romero R et al. 2017 Colombia Children Community 165 (77/88) 30 18.20% NR NR NR

Romero-Nuñez C et al. 2013 Mexico Children Community 108 (52/56) 24 22.22% NR 18 NR

Rubinsky-Elefant G 

et al.

2008 Brazil Children and Adult Community 403 (NR/NR) 108 26.80% NR 31 NR

Santarem V et al. 2011 Brazil Children Community 252 (NR/NR) 28 11.10% NR 18 NR

Santos P et al. 2015 Brazil Children and Adult Community 280 (0/280) 18 6.40% NR 16 NR

Sariego I et al. 2012 Cuba Children Community 1,011 (525/486) 392 38.80% NR NR NR

Schoenardie E et al. 2013 Mexico Children Hospital 427 (NR/NR) 216 50.58% NR NR NR

Silva-Cadore P et al. 2016 Brazil Children Hospital 208 (113/95) 24 11.53% NR NR NR

Souza RF et al. 2011 Brazil Children and Adult Community 338 (NR/NR) 201 59.46% NR 120 NR

Taranto NJ et al. (A) 2000 Argentina Children Community 98 (NR/NR) 20 20.40% NR NR NR

Taranto NJ et al. (B) 2003 Argentina Children and Adult Community 154 (NR/NR) 34 22.10% NR NR NR

Thompson DE et al. 1986 Saint Lucía Children Hospital 203 (NR/NR) 170 84% NR NR NR

Tinoco-Gracias L et al. 2008 Mexico Children Hospital 288 (153/135) 25 8.68% NR 10 NR

Triviño X et al. 1999 Chile Children Hospital 24 (NR) 8 33.30% 1 8 0

Urbano-Ferreira M 

et al.

2007 Brazil Children Community 606 (NR/NR) 133 21.50% NR NR NR

Vargas C et al. 2016 Chile Children and Adult Hospital 355 (NR/NR) 90 25.40% NR 80 NR

Virginia P et al. 1991 Brazil Children Hospital 54 (NR/NR) 21 40% NR NR NR

Waindok P et al. 2021 Colombia Children and Adult Hospital 483 (232/247) 383 79.30% NR NR NR

NR, not reported. 
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which have been available, are not necessarily correlated with any 
clinical symptoms and cannot differentiate between current active 
disease and past infection (4).

Another significant finding of our study was that 3 out of 10 
seropositive patients had ocular involvement. Ocular involvement 
in toxocariasis occurs when Toxocara larvae migrate to the eyes, 
promoting symptoms and signs that include vision loss, ocular 
inflammation, or retinal damage, usually in a single eye (127). As of 
2018, a total of 823 cases of ocular toxocariasis had been reported, 
including 282 cases in Europe, 317 cases in Asia, five cases in 
Australia, 218 cases in Latin America, and 1 documented case in 
Tunisia (4). The highest number of ocular toxocariasis cases had 
been reported in Japan, Korea, France, Brazil, and the US (4). Our 
results showed that up to 133 Peruvian patients alone were 
seropositive, which warrants special follow-up by the Peruvian 
health authorities. Ocular involvement is more common among 
children aged 5 to 10 years (128–130), which could explain the 

higher prevalence of toxocariasis among children. However, studies 
in Europe show otherwise such that the pooled seroprevalence was 
higher among people over 50 years of age than among younger 
people (18). A systematic review found that the pooled estimate of 
the worldwide prevalence of T. canis in the pediatric population was 
30%, with Asian populations showing higher rates than the 
European, American, and African populations (131). One study in 
America showed a seroprevalence of 31%; however, given that this 
study included North American countries and both T. canis and 
T. cati, our results cannot be compared (131).

Our findings showed that the seroprevalence was higher in 
patients who had a dog in the household. This is consistent with the 
results of a systematic review in the Americas, Middle East, and 
Western Pacific Region, which found a statistically significant 
association between seropositivity for Toxocara and contact with pets, 
although only in younger people with both dogs and cats (132). 
Toxocariasis has a fecal–oral route of transmission where domestic 

TABLE 2 Results of seroprevalence meta-analyzes.

Number of 
studies

Pooled 
seroprevalence (%)

95% CI n I2 p

Overall seroseroprevalence 101 31.0% 27.0–35.0% 31,123 99% <0.001

Central America and 

Caribbean Islands
19 – – 8,253

Mexico 10 19.0% 10.0–29.0% 2,279 98.23% <0.001

Cuba 3 28.0% 7.0–49% 2,121 99.23% <0.001

Puerto Rico 1 6.0% 4.0–9.0% 671 – <0.001

Trinidad and Tobago 1 62.0% 59.0–65.0% 1,009 – <0.001

Saint Lucia 1 83.0% 78.0–88.0% 203 <0.001

Honduras 1 90.0% 83.0–86.0% 88 – <0.001

Jamaica 1 21.0% 18.0–23.0% 1,447 – <0.001

Multiple Caribbean 

Countries
1 14.0% 11.0–18.0% 435 – <0.001

South America 82 – – 22,870

Brazil 35 28.0% 22.0%–34.0% 12,508 98.89% <0.001

Argentina 13 37.0% 28.0–45.0% 2,409 95.76% <0.001

Venezuela 10 22.0% 13.0–31.0% 2035 96.57% <0.001

Peru 11 34.0% 23.0%–46.0% 3,311 98.34% <0.001

Colombia 5 39.0% 6.0–71.0% 1,176 99.51% <0.001

Bolivia 3 19.0% 5.0–32.0% 644 95.49% <0.001

Chile 2 26.0% 21.0–30.0% 379 - <0.001

Ecuador 2 64.0% 59.0–69.0% 340 - <0.001

Paraguay 1 78.0% 66.0–87.0% 68 - <0.001

Type of population

Children 61 32.0% 27.0–37.0% 17,786 98.48% <0.001

Adults 10 20.0% 13.0–28.0% 2,293 96.54% <0.001

Childrens and adults 30 31.0% 25.0–38.0% 1,104 99.26% <0.001

Sample collection site

Community 66 30.0% 26.0–35.0% 10,439 98.98% <0.001

Hospital 36 31.0% 24.0–38.0% 5,144 99.02% <0.001

Sensitivity analysis 96 30.0% 26.0–34% 30,436 99.03% <0.001
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FIGURE 2

Seroprevalence of ocular toxocariasis in seropositive participants.

FIGURE 3

Seroprevalence of asymptomatic seropositive participants.
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dogs accounted for 39% of the total egg production, followed by feral 
cats, domestic cats, and foxes (4). However, in some urban areas, egg 
production may be dominated by feral cats (4). Therefore, some health 
care systems include mass deworming of dogs and cats as a strategy 
for disease control. However, attention has been drawn to harmful 
effects of parasiticides on a wide range of invertebrates, which could 
be  very detrimental to wildlife and ecosystems and could impact 
public health. Another important strategy could be  the use of 
molecular tests (polymerase chain reaction) for the identification of 

various types of Toxocara eggs in parks and recreational areas for 
better monitoring and control.

To avoid these problems, one study in the United  Kingdom 
suggest promoting regular health checks and providing information 
on all approaches to prevent animals from contracting parasites, 
explaining the symptoms, informing owners regarding the risks 
associated with infections, and reminding them to always collect and 
dispose of feces responsibly (4). Likewise, the same study suggested 
providing an explanation to patients and animal owners regarding the 

FIGURE 4

Seroprevalence of seropositive participants with dogs in home.
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potential risks of parasiticides to animals, humans, and the 
environment. Finally, the mentioned study suggests adopting a risk-
based approach to prescribing in which parasiticide prescriptions and 
frequency of administration are tailored to the needs and risk level of 
the animal (4). These recommendations could also be applied to the 
countries studied herein.

4.1. Limitations

This study has several limitations that warrant discussion. Firstly, 
performing many more subgroup analysis (according to comorbidities, 
sex, age, etc.) would have been ideal in order to explain the high 
heterogeneity of our study. Secondly, many of the included studies 
have non-probabilistic sampling and small sample sizes, which could 
exaggerate the weighting representation in the random-effects method 
and alter the confidence interval values. Thirdly, future studies are 
needed to analyze more associated factors or compare different 
environmental (humidity, altitude, temperature, soil acidity), 
economic, and sociodemographic variables.

5. Conclusion

The current study found a high seroprevalence of human 
toxocariasis in Latin America and the Caribbean. Moreover, 
we observed differences in seroprevalence across Latin American 
and Caribbean countries probably attributed to sociodemographic 
and economic variables. Our findings can be  used to establish 
epidemiological surveillance strategies for the prevention and early 
identification of this pathology. However, more factors associated 
with human toxocariasis seropositivity need to be  analyzed in 
future studies.
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Isolation, characterization, and 
pathogenicity assessment of 
Corynebacterium 
pseudotuberculosis biovar equi 
strains from alpacas (Vicugna 
pacos) in China
Wanyu Meng 1†, Shanyu Chen 1†, Lin Huang 1†, Jinpeng Yang 1†, 
Wenqing Zhang 1, Zhijun Zhong 1, Ziyao Zhou 1, Haifeng Liu 1, 
Hualin Fu 1, Tingmei He 2* and Guangneng Peng 1*
1 The Key Laboratory of Animal Disease and Human Health of Sichuan Province, College of Veterinary 
Medicine, Sichuan Agricultural University, Chengdu, Sichuan, China, 2 Sichuan Wolong National Natural 
Reserve Administration, Wenchuan, Sichuan, China

Corynebacterium pseudotuberculosis is a zoonotic pathogen that 
causes lymphadenitis in humans, livestock, and wildlife. In this study, C. 
pseudotuberculosis biovar equi strains were isolated from three alpacas. 
Antibiotic susceptibility tests and pathogenicity tests were also conducted. 
Moreover, one strain was sequenced using DNBSEQ and Oxford Nanopore 
technology. The three strains exhibited resistance to aztreonam, fosfomycin, 
and nitrofurantoin. The median lethal doses (LD50) of strains G1, S2 and BA3 
in experimentally infected mice was 1.66 × 105 CFU, 3.78 × 105 CFU and 
3.78 × 105 CFU, respectively. The sequencing of strain G1 resulted in the 
assembly of a chromosomal scaffold comprising 2,379,166 bp with a G + C 
content of 52.06%. Genome analysis of strain G1 revealed the presence of 
48 virulence genes and 5 antibiotic resistance genes (ARGs). Comparative 
genomic analysis demonstrates a high degree of genetic similarity among 
C. pseudotuberculosis strains, in contrast to other Corynebacterium 
species, with a clear delineation between strains belonging to the two 
biovars (ovis and equi). The data of the present study contribute to a better 
understanding of the properties of C. pseudotuberculosis biovar equi strains 
and the potential risk they pose to alpacas and other livestock, as well as the 
necessity of ongoing surveillance and monitoring of infectious diseases in 
animals.

KEYWORDS

alpaca, Corynebacterium pseudotuberculosis, biovar equi, virulence, antibiotic 
resistance, pathogenicity, genomic sequencing

1. Introduction

Corynebacterium pseudotuberculosis is a facultative intracellular pathogen, which belongs 
to the Corynebacterium, Mycobacterium, Nocardia, and Rhodococcus (CMNR) group of the 
Actinomycetota (Mills et al., 1997; Dorella et al., 2006). It is a non-motile, non-capsulated, and 
non-sporulating Gram-positive bacterium, with fimbriae (Hard, 1969). This zoonotic pathogen 
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is the main cause of caseous lymphadenitis (CLA) and can infect 
humans (Peel et al., 1997), livestock (Oliveira et al., 2014), and wildlife 
(Oliveira et al., 2016) worldwide through respiratory, digestive and 
wound transmission. C. pseudotuberculosis causes (Kinne, 2016) 
serious economic losses, including reduced reproductive efficiency 
and losses in wool, meat, and milk production, as well as increased 
expenses for the drugs and labor required for treatment (de Sá 
Guimarães et al., 2011). It is classified by host preference and nitrate 
reduction into two biovars: ovis (serotype I, nitrate-negative) causes 
lymphadenitis in small ruminants, mainly sheep and goats; equi 
(serotype II, nitrate-positive) results in ulcerative lymphangitis in 
equines (Bernardes et al., 2021) and oedematous skin disease (OSD) 
in buffaloes (Barakat et  al., 1984; Moussa et  al., 2016). However, 
C. pseudotuberculosis exhibits phenotypic intra-species variation, with 
certain strains isolated from sheep exhibiting nitrate reduction 
capability, and some equine isolates displaying nitrate negativity 
(Costa et  al., 1998; Connor et  al., 2000; Retamal et  al., 2011). 
Considering the potential discrepancies due to mutations, genotypic 
tests have proven to be a more reliable and sensitive diagnostic tool 
compared to phenotypic tests (Asfour and Darwish, 2014; Almeida 
et al., 2017) The narG (nitrate reductase gene) gene was also included 
in PCR assays along with the 16S rRNA, pld (Phospholipase D) and 
rpoB (RNA polymerase beta subunit region) genes to improve the 
accuracy of multiplex PCR at the biovar level (Almeida et al., 2017).

CLA is one of the most serious infectious diseases in alpacas and 
has been reported in Germany (Sting et al., 2022), USA (Anderson 
et  al., 2004), and Peru (Braga et  al., 2006). In China, case of 
C. pseudotuberculosis infection have been documented in sheep (Liu, 
2021), goats (Wang R. et al., 2021), Bactrian camels (Liu et al., 1986; 
Guo et al., 1988), buffaloes (Zhang et al., 1989), chickens (He et al., 
1991), deer (Zhu and Lei, 2001), and humans (Du, 1997). Among 
these, the strains isolated from goats were identified as biovar ovis 
through phenotypic and genotypic tests, while strains isolated from 
other hosts were characterized only phenotypically, without fully 
determining their biovars. Strains isolated from chickens and deer were 
nitrate-negative, whereas strains isolated from humans were nitrate-
positive. Both nitrate-positive and nitrate-negative strains have been 
reported in Bactrian camels. However, to the best of our knowledge, 
there have been no documented cases of CLA in alpacas in China.

The pathogenic mechanism of C. pseudotuberculosis is closely 
associated with its virulence factors, including several virulence genes, 
such as pld, iron uptake and regulation (fagA, fagB, fagC, fagD), 
mycolic acid, σ factor, and oligopeptide permease (oppA, oppB, oppC, 
oppD, oppF) (Billington et al., 2002). PLD is a highly potent exotoxin 
secreted by C. pseudotuberculosis, known for its necrotic and hemolytic 
activities (Sutherland et al., 1989). It is widely regarded as the most 
critical virulence factor produced by the bacterium, and the pld gene 
has been found to be  widely detected in all C. pseudotuberculosis 
strains isolated from mammals (Songer, 1997; Aquino De Sá et al., 
2013). Selective extracytoplasmic function (ECF) sigma factor family 
proteins, such as sigE, mainly regulate cell surface stress and control 
the expression of virulence-associated genes in various pathogenic 
bacteria (Kazmierczak et al., 2005). The Opp transporters are not only 
essential for nutrient accumulation but also contribute to the 
regulation of diverse intercellular signaling processes. One notable 
aspect of their regulatory function is the control they exert over the 
expression of virulence genes in pathogenic bacteria (Samen 
et al., 2004).

With the continuous advancement of sequencing technology, the 
number of available whole genome sequences for C. pseudotuberculosis 
has been growing. At present, a total of 125 C. pseudotuberculosis 
strains from 19 countries and regions have been fully sequenced (as 
of April 1, 2023). This abundance of genomic data provides a valuable 
resource for conducting comprehensive comparative genomics 
studies. Of these, only one isolate was yielded from camel (biovar ovis) 
and one isolate from llama (biovar equi), while the majority of 
C. pseudotuberculosis isolates were from goats (28%), sheep (24%), and 
horses (22%). Notably, the whole genome sequencing of 
C. pseudotuberculosis strain isolated from alpacas has not yet been 
reported (Data source: https://www.ncbi.nlm.nih.gov/genome/. The 
whole genome sequencing statistics of C. pseudotuberculosis are 
presented in Supplementary Table S1 and Supplementary Figure S1). 
All strains that infect sheep and goats are biovar ovis (strain PA02 was 
mistakenly labeled as biovar equi and is actually lacking the narG 
gene, as shown in Supplementary Figure S2). In contrast, all strains 
that infect horses and buffalo are biovar equi, while strains that infect 
cattle include both biovars ovis and equi. Seven C. pseudotuberculosis 
biovar equi strains that were isolated from equine were subjected to 
pan-genomic analysis, which revealed one of the smallest core 
genomes ever recorded and considerable genetic variability. There 
were no discernible genetic distinctions among the strains responsible 
for the three distinct types of infection, including those causing 
external abscesses, infections with abscess formation in the internal 
organs, and ulcerative lymphangitis (Barauna et  al., 2017). The 
clustered regularly interspaced short palindromic repeats 
(CRISPR)-Cas (CRISPR-associated proteins) cluster is only seen in the 
biovar equi strains, while the methylation type III cluster is only found 
in biovar ovis strains (Parise et al., 2018).

The main objective of this study was to identify the causative 
bacteria responsible for the disease in three alpacas and investigate 
their biological characteristics, with a focus on pathogenicity assessed 
through mouse infection tests. Furthermore, it entailed the whole 
genome sequencing of the C. pseudotuberculosis biovar equi strain 
isolated from an alpaca, and this genome was compared to other 
C. pseudotuberculosis strains of both biovars ovis and equi.

2. Materials and methods

2.1. Sample collection

In November 2021, two diseased alpacas (G1 and S2) and a dead 
alpaca (BA3) from a local alpaca farm were brought to the Animal 
Hospital of Sichuan Agricultural University (Chengdu, Sichuan, 
China) for consultation. Tests for Brucella antibodies were negative for 
alpacas G1 and S2. Despite receiving careful medical attention, alpaca 
G1’s condition deteriorated, and it died on the third day of treatment. 
Necropsies were performed on the dead alpacas, and extremity pus 
from one diseased alpaca (S2) and liver abscesses from two dead 
alpacas (G1 and BA3) were aseptically collected.

2.2. Bacteriological examination

Samples were subjected to routine bacteriological examination 
using Luria-Bertani (LB) broth (Hopebio, Qingdao, China), including 
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cultivation under both aerobic and anaerobic conditions. Three 
mono-colony isolates from one sick alpaca and two dead alpacas were 
marked as S2, G1, and BA3, respectively. The hemolytic ability of the 
strains was determined by inoculating them onto blood agar plates 
(Solarbio, Beijing, China) containing 5% sheep blood. Morphological 
and biochemical properties of the bacteria were characterized 
through gram staining and standard biochemical tests, according to 
the manufacturer’s instructions (Hopebio). The resulting isolates 
were stored at −80°C in 25% glycerol for subsequent experiments.

2.3. Molecular identification

The genomic DNA from the isolates was extracted using the 
Bacterial DNA Kit (Tiangen, Beijing, China) and stored at −80°C. For 
bacterial species identification, the partial 16S rRNA gene was 
amplified using the primers 27-F (5’-GATGGTCATAGGGATGAAG 
AGCTT-3′) and 1492-R (5’-AGGGATGAAGAGCTTCGGCTCTG-3′) 
(Fredriksson et al., 2013). Additionally, the narG gene was amplified 
using the primers F (5′-ACCCGTACTTGCACTCTTTC-3′) and R 
(5′-AGTCAGTACTTCCGCAGGTC′) (Almeida et al., 2017). Each 
PCR reaction (25 μL) contained 12.5 μL 2 ×  Pro Taq Master Mix 
(Accurate Biology, Hunan, China), 8.5 μL RNase-free H2O (Sangon 
Biotech, Shanghai, China), 1 μL forward and reverse primers (Sangon 
Biotech), and 2 μL template DNA. In the PCR test for amplifying the 
partial 16S rRNA gene, RNase-free water was used instead of template 
DNA as a negative control. For other PCR tests, Staphylococcus aureus 
ATCC 25923 was used as a negative control strain. The reaction 
conditions included predenaturation at 94°C for 5 min, followed by 
35 cycles of 94°C for 1 min, annealing temperature for 50 s, and 72°C 
for 1 min, with a final extension at 72°C for 10 min. The PCR products 
were validated by 1% agarose gel electrophoresis with TS-GelRed 
(Tsingke Biotechnology, Beijing, China) and sent to Tsingke 
Biotechnology Co., Ltd. for Sanger sequencing. A homology search 
was performed in the GenBank database using the BLAST tool,1 and 
Clustal X2.02 for sequence alignment.

2.4. Antibiotic susceptibility testing

The Kirby-Bauer disk diffusion method (Oxoid, Basingstoke, UK) 
was utilized to test the antimicrobial susceptibility of the  
isolates. Representative drugs from 12 major classes of antibiotics, 
including β-lactams, carbapenems, polyphosphates, glycopeptides, 
aminoglycosides, tetracyclines, macrolides, amide alcohols, quinolones, 
sulfonamides, nitrofurans, and rifampicin, were selected. The bacterial 
solution cultured to 0.5 McFarland turbidity was evenly spread on 
Muller-Hinton (MH) solid medium (Hopebio) using a spreader stick. 
Disks were then placed on the medium and the culture was incubated 
at 37°C for 24–48 h. S. aureus ATCC 25923 was employed as the quality 
control strain in our study. The zone diameters for each drug were 
interpreted based on the Clinical and Laboratory Standards Institute 

1 http://www.ncbi.nlm.nih.gov/BLAST

2 http://www.clustal.org/

(CLSI, 2019) and recorded as sensitive (S), intermediate (I), or 
resistant (R).

2.5. Pathogenicity test

The animal study was reviewed and approved by the Sichuan 
Agricultural University Animal Ethical and Welfare Committee. 
Female Specific Pathogen Free (SPF) Kunming mice were obtained 
from Chengdu Dossy Experimental Animals CO., LTD. (Chengdu, 
China). The mice were housed in clean cages at 23 ± 2°C and a relative 
humidity of 50 ± 10%. The mice were 6 weeks old at the start of 
the study.

Preliminary experiments were conducted to determine the 
infection range of three C. pseudotuberculosis strains (6 × 104 to 
107 CFU/mL) (CFU: Colony Forming Unit). Healthy mice (n = 78) 
were randomly divided into 13 groups of 6 mice each. Groups 1–4, 
5–8, and 9–12 were intraperitoneally injected with 0.2 mL of G1, S2, 
and BA3 bacterial solutions (with normal saline and diluted to 6 × 104 
to 107 CFU/mL), respectively. Group 13 served as the control group 
and received 0.2 mL of saline intraperitoneally.

Clinical signs and mortality were recorded every 2 h within 12 h 
post-injection and every day for 7 consecutive days. The median lethal 
dose (LD50) was calculated. Histopathological analysis was performed 
on the initial three mice that died following infection with strains G1, 
S2, and BA3, respectively. The liver, heart, spleen, lung, kidney, and 
intestines of dead mice were fixed in 10% formaldehyde for 
histopathological examination. On day 14, the organs of the remaining 
mice were collected and weighed to compare changes in organ index 
after infection with different concentrations of bacterial solutions.

2.6. Whole genome sequencing

2.6.1. Genome sequencing and assembly
The genome of a C. pseudotuberculosis strain was sequenced using 

a combination of the DNBSEQ platform (BGI, Shenzhen, China) and 
the Oxford Nanopore technology (ONT, Oxford, UK) at the Beijing 
Genomics Institute. The program Canu was utilized for self-
correction. Draft genomic unitigs were assembled using Canu, a high-
quality assembler that employs a corrected circular consensus 
sequence subread set. To improve the accuracy of the genome 
sequences, GATK3 was used to make single-base corrections.

2.6.2. Gene prediction and annotation
The functional annotation of the C. pseudotuberculosis strain 

genome for open reading frame (ORF) prediction was performed 
using glimmer34 with Hidden Markov models. tRNA, rRNA and 
sRNA recognition made use of tRNAscan-SE,5 RNAmmer, and the 
Rfam database. The tandem repeat annotation was obtained using the 
Tandem Repeat Finder,6 and the minisatellite DNA and microsatellite 
DNA were selected based on the number and length of repeat units. 

3 https://www.broadinstitute.org/gatk/

4 http://www.cbcb.umd.edu/software/glimmer/

5 http://gtrnadb.ucsc.edu/

6 http://tandem.bu.edu/trf/trf.html

70

https://doi.org/10.3389/fmicb.2023.1206187
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.ncbi.nlm.nih.gov/BLAST
http://www.clustal.org/
https://www.broadinstitute.org/gatk/
http://www.cbcb.umd.edu/software/glimmer/
http://gtrnadb.ucsc.edu/
http://tandem.bu.edu/trf/trf.html


Meng et al. 10.3389/fmicb.2023.1206187

Frontiers in Microbiology 04 frontiersin.org

The Genomic Island Suite of Tools (GIST) was used for genomic 
island analysis7 with IslandPath DIOMB, SIGI-HMM, IslandPicker 
method. Prophage regions were predicted using the PHAge Search 
Tool (PHAST) web server8 and CRISPR-Cas identification using the 
CRISPRCasFinder.9

The best hit was extracted using the BLAST alignment tool for 
function annotation. Virulence factors and antibiotic resistance genes 
(ARGs) were identified based on the core datasets in the VFDB 
(Virulence Factors of Pathogenic Bacteria) and ARDB (Antibiotic 
Resistance Genes Database) databases. Additionally, general function 
annotation was performed using three databases: COG (Clusters of 
Orthologous Groups), GO (Gene Ontology), and KEGG (Kyoto 
Encyclopedia of Genes and Genomes).

2.6.3. Comparative genomics
(i) Structural Variation (Synteny). The genome sequence of the 

C. pseudotuberculosis strain was compared with that of the reference 
bacteria. (ii) FastANI (version 1.32) software was used to conduct the 
Average Nucleotide Identity (ANI) analysis. (iii) CD-HIT clustering 
analysis was conducted on the protein gene sets of the 
C. pseudotuberculosis strain investigated in this study and other 
Corynebacterium strains to obtain the core/specific/dispensable gene 
set. (iv) Gene families were constructed by pairwise aligning the 
protein sequences of multiple target genomes using the BLAST, 
eliminating redundancy with Solar (BGI), and clustering the 
alignment results using the Hcluster_sg software. (v) The phylogenetic 
tree was constructed by the TreeBeST10 using the method of neighbor-
joining (NJ).

2.7. Statistical analysis

The in vitro experiment was performed in triplicate and the data 
were analyzed using SPSS software (IBM, Armonk, NY, USA). 
Statistical significance was determined by one-way ANOVA, and 
differences were considered significant at p < 0.05 and extremely 
significant at p < 0.01. The LD50 values were calculated by Probit 
analysis (Xiong et al., 2013). The difference in LD50 among the three 
C. pseudotuberculosis strains were examined by the Kruskal-Wallis 
test. All graphical presentations were generated by Adobe Illustrator 
2020 (Adobe Inc., San Jose, CA, USA) and GraphPad Prism 9.0 
(GraphPad Software, San Jose, CA, USA).

3. Results

3.1. Postmortem examination

All three alpacas exhibited purulent infections in the skin and 
subcutaneous tissue, with some abscesses that developed in “beaded” 
pattern. White, yellowish pus or caseous pus masses were observed 
after incision of the pustules. Additionally, skin ulceration and 

7 http://www5.esu.edu/cpsc/bioinfo/software/GIST/

8 http://phast.wishartlab.com/

9 https://crisprcas.i2bc.paris-saclay.fr//CrisprCasFinder/Index

10 http://treesoft.svn.sourceforge.net/viewvc/treesoft/trunk/treebest/

necrosis were observed (Supplementary Figure S3). Upon necropsy of 
dead alpaca (G1, BA3), multiple abscesses were found in subcutaneous 
tissue, anterior shoulder lymph nodes, and inguinal lymph nodes. 
Alpaca G1 was found to have abscesses in the liver and mesenteric 
lymph nodes, as well as hemorrhagic spots in the lung 
(Supplementary Figure S4).

3.2. Bacteriological examination

Dry, friable, and opaque porcelain white colonies were grown on 
LB solid medium under both anaerobic and aerobic conditions 
(Figure 1A). A narrow and transparent hemolytic ring formed on the 
blood plate, which is β-hemolysis (Figure  1B). Microscopic 
examination of Gram-stained samples showed a large number of blue-
purple globular or rod-shaped Gram-positive bacteria that were 
arranged singly and sporadically (Figure 1C).

Biochemical identification was consistent for the three strains 
(Table 1), and was in accordance with the biochemical properties of 
C. pseudotuberculosis previously summarized (Dorella et al., 2006). 
These three strains were further identified as C. pseudotuberculosis 
biovar equi by nitrate reduction experiments (+).

3.3. Molecular identification

Identification analysis of the partial 16S rRNA gene confirmed 
that all three isolates were C. pseudotuberculosis (accession numbers 
OQ980206, OP903368 and OP903369). These sequences exhibited 
100% similarity to the sequences MT649220 (dromedary, equi, India) 
and LC549531 (goat, ovis, Malaysia), suggesting a high degree of 
similarity between the three strains.

The narG gene was successfully amplified and identified in all 
three isolates as C. pseudotuberculosis biovar equi (accession numbers 
OQ817706, OQ817707 and OQ817708). These sequences displayed 
100% identity to both the sequences CP003652 (strain Cp162, equi, 
camel) and CP017384 (strain I37, equi, cattle).

3.4. Antibiotic susceptibility testing

The antibiotic susceptibility test showed that the three 
C. pseudotuberculosis strains were sensitive to all antibiotics tested 
except aztreonam, fosfomycin and nitrofurantoin. Specific results are 
shown in Table 2.

3.5. Pathogenicity test

After artificial infection with C. pseudotuberculosis for 5–6 h, the 
mice began to develop abnormal symptoms, including disheveled coat, 
depression, accelerated respiration, slow reaction, slow movement, and 
inappetence. Survival curves were plotted according to the time of 
death in each group (Figure 2). The LD50 values for mice infected with 
strains G1, S2 and BA3 were 1.66 × 105 CFU, 3.78 × 105 CFU and  
3.78 × 105 CFU, respectively (p > 0.05). The LD50 of strain G1 was less 
than that of the strains S2 and BA3, but the difference is not significant 
(p > 0.05).
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Necropsy of dead mice (107 CFU/mL group) showed dilatation of the 
gastrointestinal tract with significant fluid accumulation, hemorrhagic spots 
in the liver, and a congested and enlarged spleen. The dead mice did not 
show typical CLA or suppuration symptoms, which may be explained by 
acute death of mice post-injection and the fact that the infected organs 
lacked the time to develop the organ lesions. Sterile collection was 
performed on the liver, spleen, and kidneys of the dead mice, and after 
streaking and incubation, C. pseudotuberculosis was isolated from all organs. 
The pathological sections revealed that there was pronounced central vein 
congestion (red arrow) and diffuse hepatic cell lipid degeneration (black 
arrow) in the liver tissue (Figure 3A). Heart tissue (Figure 3B) showed no 
apparent abnormalities. Spleen tissue (Figure 3C) showed irregularities in 
the white pulp, along with numerous small vacuoles (black arrow) and a 
large area of extramedullary hematopoietic foci in the red pulp (red arrow), 
with a significant amount of neutrophil infiltration (blue arrow). Lung tissue 
(Figure  3D) exhibited extensive alveolar interstitial congestion and 
expansion (red arrow), with only a few lymphocyte infiltrates observed 
around blood vessels (blue arrow). Kidney tissue (Figure 3E) displayed a 
small number of epithelial cells that underwent cellular hydropic 
degeneration and cytoplasmic relaxation (black arrow), and a large portion 
of renal tubular interstitial congestion and expansion (red arrow). Intestine 
tissue (Figure 3F) showed a considerable amount of villous epithelial cells 
that experienced necrosis and shedding (yellow arrow), and there was also 
necrosis or atrophy of the basal intestinal glands in the lamina propria, 
resulting in a reduced structure (orange arrow), together with a small 
amount of lymphocyte infiltration (blue arrow).

14 days after intraperitoneal injection of C. pseudotuberculosis, 
enlarged spleens of the mice were observed at necropsy. Changes in 
organ indices were consistent with necropsy findings. After 

intraperitoneal injection of strain G1, the spleen organ index of mice 
in 105 CFU/mL group was significantly higher than in the control 
group and 104 CFU/mL group (p < 0.01), and 104 CFU/mL group was 
significantly higher than the control group (p < 0.05). After 
intraperitoneal injection of S2 or BA3 strains, the spleen organ index 
of mice in 105 CFU/mL group was significantly higher than the control 
group (p < 0.01) and 104 CFU/mL group (p < 0.05), while there was no 
significant difference between 104 CFU/mL group and the control 
group (p > 0.05). There was no significant difference in the organ index 
of other organs (liver, heart, lung and kidney) (p > 0.05) (Figure 4). The 
spleen is an important immune organ in the host, and when exposed 
to external infections, immune cell infiltration, hypersplenism and 
portal hypertension can cause splenomegaly (Wang X. et al., 2021).

3.6. Whole genome sequencing

Based on the consistent biochemical properties, biovars 
identification, and antibiotic sensitivity test results of these three 
C. pseudotuberculosis strains, and no significant difference in LD50 
among them, only one strain was specifically chosen for whole 
genome sequencing and comparative genomics analysis. The strain G1 
was chosen due to its lower LD50 compared to the other two strains.

3.6.1. Genome sequencing and assembly of 
Corynebacterium pseudotuberculosis strain G1

Initially, a total of 1,314 Mb of raw data were produced from the 
DNBSEQ sequencing platform, from 8,764,210 reads 
(Supplementary Table S2). After single-molecule nanopore DNA 

FIGURE 1

Colony morphology and bacterial morphology observation of C. pseudotuberculosis. (A) Colony morphology (LB solid medium). (B) Colony 
morphology (5% sheep blood). (C) Bacterial morphology (1000 ×).

TABLE 1 Biochemical characteristics of C. pseudotuberculosis in this study.

Category Result Category Result Category Result Category Result

Glucose + Sucrose − Hydrogen sulfide − Esculin hydrolysis −

Mannose + Arabinose − Citrate − Urease test +

Fructose + Xylose − Voges-Proskauertest − Catalase +

Lactose − Raffinose − Gelatin liquefaction − Nitrate reduction +

Maltose − Melibiose − Inositol −

+, positive; −, negative.
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sequencing and data clean-up, 2,331,063,777 bp of sequence data were 
obtained, with reads mean length of 6,908 bp (Supplementary Table S3). 
The final assembly was composed of a chromosomal scaffold of 
2,379,166 bp (52.06% G + C) (Supplementary Table S4; 
Supplementary Figure S5) without any plasmid. The genome has been 
uploaded to the NCBI (National Center for Biotechnology 
Information) database with accession number CP121342.

3.6.2. Gene prediction and annotation of 
Corynebacterium pseudotuberculosis strain G1

A total of 49 tRNA-encoding genes and 4 rRNA operons (four 5S 
rRNAs, four 16S rRNAs and four 23S rRNAs) were identified in the 

chromosome (Supplementary Table S5). The results of tandem repeat 
prediction are presented in Supplementary Table S6. Phages were not 
predicted in this study. Three different CRISPR clusters were detected 
in the chromosome of C. pseudotuberculosis strain G1, and details are 
shown in Supplementary Table S7.

After comparing the ORFs to the ARDB database, we annotated 
that the strain G1 contains five ARGs, including rpoB, rbpA, EF-Tu 
mutant, thyA, and murA (identity >60%), and is predicted to 
be resistant to rifamycin, elfamycin, salicylic acid, and fosfomycin. In 
addition, we compared the strain G1 with the VFDB database and 
annotated 43 genes related to virulence factors, including adherence 
(such as spaC and spaI), exotoxin (pld), immune modulation (rfbB 
and ndk), nutritional/metabolic factor (such as fagA-D and ciuA-E), 
and stress survival (such as sigE, sigH, and sigA/rpoV). Specific 
virulence genes are shown in Supplementary Table S8 (identity >60%). 
Furthermore, we aligned the strain G1 with the I37 strain (accession 
number: CP017384) to annotate the virulence factor-related genes 
oppA, oppB, oppC, oppD, and oppF (identity >98%).

After comparing the predicted gene set with the COG database, 
the homologous gene annotation was completed, and the COG 
functional clustering was obtained. The genome of strain G1 has 
been annotated with 1538 genes that have known functions and 55 
genes that have unknown functions. The highest number of genes is 
related to metabolism (n = 896), followed by cellular and information. 
There are 98 genes predicted for general function prediction only 
(Supplementary Figure S6A). Through the annotation in the GO 
database, we can determine the potential function of a gene based 
on its annotation in various categories. Supplementary Figure S6B 
displays the statistical results of the annotation findings for the strain 
G1 in the three categories (cellular component, molecular function, 
and biological process) of the GO database. The KEGG database 
divides biological pathways into eight categories, with each category 
further subdivided and labeled with the relevant genes. This allows 
for easy identification of all annotated genes associated with a 
specific function. Supplementary Figure S6C shows the histogram 
resulting from the KEGG secondary classification statistics of the 
strain G1.

3.6.3. Comparative genomics
As shown in Figure 5, strain G1 clusters with the other 12 strains 

of C. pseudotuberculosis, with intraspecies ANI values greater than 
98.6. The highest ANI values (> 99.94) were observed between strain 
G1 and strain Cp162 (equi, camel), followed by >99.93 with strain I37 
(equi, cattle). ANI values were greater than 98.9 between strains of the 

TABLE 2 Antibiotic susceptibility of C. pseudotuberculosis in this study.

Classification Antibiotics Judgment

G1 S2 BA3

β-lactams Amoxicillin-clavulanate S S S

Ampicillin-sulbactam S S S

Cephazolin S S S

Aztreonam R R R

Penicillin S S S

Ceftriaxone S S S

Carbapenems Imipenem S S S

Meropenem S S S

Polyphosphates Fosfomycin R R R

Glycopeptides Vancomycin S S S

Aminoglycosides Amikacin S S S

Gentamicin S S S

Tetracyclines Tetracycline S S S

Macrolides Clarithromycin S S S

Azithromycin S S S

Erythromycin S S S

Amide alcohols Chloramphenicol S S S

Quinolones Ciprofloxacin S S S

Sulfonamides Sulfamethoxazole S S S

Nitrofurans Nitrofurantoin R R R

Rifamycins Rifampicin S S S

R, resistant; S, sensitive.

FIGURE 2

Survival curves of mice challenged with C. pseudotuberculosis strains at different concentrations. (A) G1 strain. (B) S2 strain. (C) BA3 strain.
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same biovars of C. pseudotuberculosis, and ranged from 98.6 to 98.9 
between strains of different biovars of C. pseudotuberculosis. The 
interspecies ANI values between C. pseudotuberculosis and C. ulcerans 
ranged from 84.8 to 85.0. Interspecies ANI values were less than 80 for 

strains of C. pseudotuberculosis versus C. diphtheriae，C. glutamicum 
and C. pseudopelargi.

Gene family statistics for the 21 strains of Corynebacterium are 
presented in Supplementary Table S9 and Supplementary Figure S8. 

FIGURE 3

Histopathologic changes in mice killed by C. pseudotuberculosis (200×). (A) Liver. (B) Heart. (C) Spleen. (D) Lung. (E) Kidney. (F) Intestine.

FIGURE 4

Changes of organ index in mice infected with different concentrations of C. pseudotuberculosis. (A) G1 strain. (B) S2 strain. (C) BA3 strain. Significant 
differences were observed among the different letter marks. Uppercase letters indicate p < 0.01, while lowercase letters indicate p < 0.05. The absence 
of any letter mark, or the presence of the same letter mark, indicates no significant difference (p > 0.05).
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The analysis revealed a total of 1,080 homologous gene families, with 
762 Single Copy Orthologs identified among all 20 strains of 
Corynebacterium. Notably, the strain G1 showed 8 unique paralogs 
and 2 unique families.

The protein coding DNA sequences (CDSs) of strain G1, 12 
strains of C. pseudotuberculosis and 8 strains of other 
Corynebacterium were clustered, and the number of pan genes was 
6224, the number of core genes was 931, and the number of 
dispensable genes was 3277 (Figure 6A). Analyses of the core gene 
set and pan gene set of different numbers of strain combinations, 
resulted in the core gene and pan gene dilution curves (Figure 6B). 
According to the distribution of dispensable genes in different 
samples, a heat map was drawn to show the clustering among 
samples (Figure  6C). Different species of Corynebacterium were 
clustered separately, but different biovars of C. pseudotuberculosis 
were not clustered.

Mapped sequence library genes of the core genes, dispensable 
genes, and specific genes to the corresponding functions of the COG 
database are shown in Supplementary Figure S7. Of the 128 specific 
genes in C. pseudotuberculosis strain G1, only one gene (Cell wall/
membrane/envelope biogenesis) matched the COG database. In the 
core and dispensable gene sequence libraries of the 21 Corynebacterium 
strains, 850 and 1934 genes, respectively, matched the COG database, 
with the majority of core genes (91.30%, n = 931) and dispensable 
genes (59.02%, n = 3277) having COG classification information. 
Translation, ribosomal structure and biogenesis genes had the largest 
proportion among the core genes (16.00%), while inorganic ion 
transport and metabolism genes had the highest proportion among 
the dispensable genes (7.93%).

To infer the phylogenetic relationships of strain G1 and 20 strains 
of Corynebacterium, we constructed phylogenetic trees based on gene 
family and core-pan genome (Figure 7).

FIGURE 5

ANI heat map of 21 Corynebacterium strains. The horizontal and vertical axes represent the strain names. Each value in the heat map represents the 
ANI value.
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The phylogenetic tree shows that different species of 
Corynebacterium clustered separately, while 13 C. pseudotuberculosis 
strains were divided into two biovars with clear demarcation, and 
strain G1 with C. pseudotuberculosis biovar equi clustered in the same 
clade. On the phylogenetic tree, C. pseudotuberculosis strain G1 was 
the closest relative to Cp162 and I37, and this result was consistent 
with the ANI analysis. The phylogenetic trees constructed based on 
the results of the two analyses showed the same branching structure, 
indicating good conservation of core-pan genes and gene families 
among these Corynebacterium strains.

Synteny analysis was conducted between strain G1 and other 
C. pseudotuberculosis strains. The analysis revealed that strain G1 has 

a chromosomal inversion compared with strain Cp162 (equi, camel), 
a chromosomal translocation with four biovar equi (I37, MB302, 
MB239, and 46) and three biovar ovis (267, FRC41, and PA02) strains, 
and four chromosomal translocations with two biovar ovis (29,156 
and MEX25) strains (Figure 8). No host or biovar-specific patterns 
were observed.

4. Discussion

CLA, caused by C. pseudotuberculosis, is one of the most 
important bacterial infectious diseases in camelids. This disease is 

FIGURE 6

The core and pan-genome of 21 Corynebacterium strains. (A) Venn plots showing the number of core genes and strain-specific genes in 21 the 
Corynebacterium strains. (B) Dilution curve of the pan-genome and core genome of the 21 Corynebacterium strains. (C) Heat map displaying the 
dispensable genes.
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characterized by abscesses of one or more superficial lymph nodes, 
and it can also infect internal organs such as the liver, lungs, and 
mammary glands, causing great losses to the breeding industry and 
attracting the attention of many scholars (Kinne, 2016). CLA has 
been reported in Old World Camels (Bactrian camel and dromedary 
camel) from several countries, such as China (Mullali et al., 2017), 
Russia, India (Purohit et al., 1985), Iran (Esterabadi et al., 1975), 
Saudi Arabia (Radwan et al., 1989), United Arab Emirates (Afzal 
et al., 1996), Oman, Jordan (Hawari, 2008), Kazakhstan (Samartsev, 
1950), Egypt (Nashed and Mahmoud, 1987), Ethiopia (Domenech, 
1980), Kenya (Wernery, 2012), Spain (Tejedor-Junco et al., 2008), as 
well as in Australia (Wernery et  al., 2014). CLA has also been 
reported in New World Camels (alpaca and llama) from the USA 
(Lopes et  al., 2012), Peru (Braga et  al., 2006), Sweden, Germany 
(Sting et al., 2022) and Italy. Specifically, there have been reports of a 

llama in USA (Lopes et al., 2012) and 130 alpacas in Germany (Sting 
et  al., 2022) being infected with biovar ovis strains. CLA by 
C. pseudotuberculosis biovar equi has not previously been reported in 
alpacas. Previous reports have solely documented the infection of 
goats with C. pseudotuberculosis biovar ovis strains in Sichuan 
Province, China (Zhang et al., 2015). While the alpacas in this study 
were imported from Chile and the Netherlands, it is worth noting 
that in Chile, cases of C. pseudotuberculosis biovar equi strains 
infection in horses have been reported (Cavalcante et  al., 2015). 
Therefore, the pathogenic bacteria isolated in this study may have 
originated from the country from where the alpacas were introduced. 
Horses can only be  infected by C. pseudotuberculosis biovar equi 
strains, while cattle and camelids can be infected by both biovars. It 
is crucial to be vigilant, as the outbreak of this pathogen in Chinese 
farms would pose a significant threat to the cattle, horse, and camelid 

FIGURE 7

Phylogenetic tree of the 21 Corynebacterium strains. The tree was constructed using TreeBeST and PHYML based on (A) Core-pan gene. (B) Gene 
family. The numbers on the branches represent percent bootstrapping values from 1000 replicates. Each sequence is identified by its species, strain 
name, and host. Sequences obtained in this study are shown in bold.

FIGURE 8

Synteny analysis. (A) Comparison of strain G1 with C. pseudotuberculosis biovar equi strains (Cp162 - camel, I37 - cattle, MB302 - horse, MB239 - 
horse, 46 - buffalo). (B) Comparison of strain G1 with C. pseudotuberculosis biovar ovis strains (29156 - cattle, MEX25 - sheep, 267 - llama, FRC41 
- human, PA02 - goat). Green box indicates chromosome inversion, while red arrow represents chromosome translocation.
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breeding industries, resulting in economic losses such as death of 
farmed animals and reduced production. Therefore, effective 
prevention and control measures must be taken to prevent the spread 
and infection of this pathogen.

The genome of strain G1 is approximately 2.379 Mb, which is 
smaller than the genomes of biovar equi strains isolated from buffaloes 
(strains 31–36, 38, 39, and 48) and camel (strain 267). The GC content 
is 52.06%, which is lower than that of previously sequenced whole 
genomes of C. pseudotuberculosis strains (Supplementary Table S1). 
Three CRISPR clusters were detected on the chromosome of the strain 
G1, which were only detected in biovar equi strains (Parise et al., 
2018). The gene set was subjected to COG functional annotation, and 
the categorical statistics were similar to those of six biovar equi strains 
(MEX1, MEX9, MEX25, MEX29, MEX30, and MEX31) isolated from 
equines in Mexico, except for strain MEX30 which harbors a gene 
related to chromatin structure and dynamics gene (Parise et al., 2018).

The widespread prevalence and significant economic impact of 
this disease have prompted investigations into the molecular 
mechanisms of virulence in this pathogen (Dorella et al., 2009). In 
sheep and goats, the virulence factor-related genes pld and fagA, B 
were detected in 100% of isolates, and fagC, D genes were detected in 
more than 95% (Aquino De Sá et al., 2013). Notably, all fagD-negative 
isolates were obtained from superficial abscesses, suggesting variations 
in the virulence potential of the clinical isolates (Aquino De Sá et al., 
2013). A mutation in fagB (C) can reduce the pathogenicity of 
C. pseudotuberculosis in goat infections (Billington et al., 2002). To 
study the role of Opp in C. pseudotuberculosis, an OppD-deficient 
strain was created, and it was observed that the mutant strain had 
impaired growth when exposed to the toxic glutathione peptide, 
similar to the wild-type strain. The ΔoppD strain also showed a 
reduced ability to adhere to and infect macrophages compared to the 
wild-type strain, but both strains had similar potential to colonize 
spleens and cause injury and death to infected mice (Moraes et al., 
2014).The above ten virulence genes (pld, fagA-D, oppA-F) were 
detected in the strain LY20 isolated from a goat in China (Wang 
R. et al., 2021). Whole genome sequencing of C. pseudotuberculosis 
strain I37 isolated from cattle (accession number CP017384, Israel) 
also revealed the presence of these ten virulence genes. At present, 
there are few reports related to C. pseudotuberculosis from alpaca, and 
the results of whole genome sequencing of C. pseudotuberculosis 
isolated from llama showed the presence of the pld and fagA-D (Lopes 
et al., 2012). In this study, we annotated 48 genes related to virulence 
factors in five categories (adherence, exotoxin, immune modulation, 
nutritional/metabolic factor, and stress survival). Among them, pld is 
the only exotoxin-related virulence gene. Other genes include σ 
factors (sigE, sigH, sigA/rpoV), iron uptake and regulation-related 
genes (fagA-D, ciuA-E), oligopeptide permease (oppA-F), minor pilin 
proteins (spaC, spaI), and superoxide dismutase (sodA).

The success of antimicrobial treatment to CLA is poor (Kinne, 2016). 
Performing resistance testing of isolates can provide guidance for the use 
of antibiotics. At present, there have been limited studies on antibiotic 
susceptibility of C. pseudotuberculosis in alpaca, with most research 
focusing on horse (Foley et al., 2004; Rhodes et al., 2015), sheep (Gallardo 
et  al., 2019), and goat (Connor et  al., 2000; Abebe and Sisay, 2015) 
isolates. The minimum inhibitory concentration (MIC) of the 
antimicrobial agent showed no significant differences between the 
isolates from horses and cows compared to those from sheep and goats, 
except in the case of amikacin (Costa et al., 1998). The MIC of equine 

C. pseudotuberculosis isolates demonstrated that several commonly used 
antimicrobials are effective against C. pseudotuberculosis in vitro. Abscess 
location was not associated with different MIC patterns in cultured 
isolates (Rhodes et  al., 2015). It has been determined that 59 
C. pseudotuberculosis isolates from sheep and goats were primarily 
susceptible to norfloxacin (77.97%), doxycycline HCl (72.88%), and 
kanamycin (72.88%), while mainly resistant to ampicillin (28.81%), 
clindamycin (25.42%), and doxycycline HCl (22.04%) (Abebe and Sisay, 
2015). Strain XH02 (Boer goat, China) exhibited high sensitivity to 13 
antibacterial agents, including chloromycetin, tetracycline, norfloxacin, 
minocycline, cefoxitin, clarithromycin, roxithromycin, and ceftriaxone, 
but completely resistant to nitrofurantoin and furazolidone (Zhou et al., 
2016). However, the susceptibility of five alpaca isolates to gentamicin, 
sulfonamide, oxacillin, neomycin, and ceftiofur varied (Anderson et al., 
2004). In this study, 21 antibiotics in 12 categories commonly used in 
clinical practice were selected for antibiotic susceptibility testing. The 
three strains were sensitive to penicillin, cefotaxime, meropenem, 
erythromycin and other antibiotics, resistant to aztreonam, fosfomycin, 
and nitrofurantoin. Combined with the antibiotic sensitivity results and 
clinical manifestations of the sick alpaca (S2), meropenem with high 
sensitivity was selected for treatment, and the sick alpaca symptoms 
improved, and gradually recovered.

Horizontal gene transfer (HGT) of drug-resistance genes leads to 
global infections of multi-drug resistant (MDR) microorganisms in 
hospitals and communities, posing a serious potential hazard to public 
health safety (Warnes et al., 2012). PCR amplification of the ARGs in 
C. pseudotuberculosis strains obtained from goats and sheep from Egypt 
indicated the presence of the β-lactams resistance gene (bla) in 40% of 
the isolates, and the aminoglycoside resistance gene (aadA2) in 42% of 
the isolates (Tawab et al., 2019). Upon analyzing the complete genome 
sequence of the C. pseudotuberculosis strain Cp267 isolated from llama 
(accession number CP003407, USA), we discovered that it carries 12 
ARGs, mainly expressed as MRD protein (marR, norM, and emrB), 
lincomycin resistance protein (lmrB), bleomycin resistance protein and 
glycopeptide antibiotic resistance protein, and no β-lactam resistance 
gene was found (Lopes et al., 2012). In this study, the complete genome 
sequence of the C. pseudotuberculosis strain G1 isolated from alpaca was 
annotated with five ARGs, including rifamycin resistance genes rpoB and 
rbpA, elfamycin antibiotic gene EF-Tu mutant, fosfomycin antibiotic gene 
murA, and pyrazine antibiotic gene pncA. Our findings indicate that 
these ARGs exhibited a low correlation with the resistance phenotype, 
suggesting that detection of ARGs cannot replace routine antibiotic 
susceptibility testing. The expression of ARGs is influenced by various 
factors, including gene expression level, drug resistance mechanism, and 
bacterial adaptability to the environment. Therefore, the presence of a 
certain ARG does not necessarily imply that the bacterium will exhibit 
resistance to the corresponding antibiotic. Lastly, the difference in the 
carriage of resistance genes between the strains analyzed in this study and 
previous studies may be attributed to the variation in antibiotic usage in 
different regions to combat bacterial infectious diseases.

Several different serological tests (haemagglutination, 
haemagglutination inhibition, and ELISAs) have been tried for the 
diagnosis of CLA but, with the exception of ELISA, are rarely used on 
camelids (Kinne, 2016). An in-house ELISA was developed based on 
commercially available ELITEST, using protein A substituted anti-
goat/sheep conjugate, is currently routinely used to detect CLA 
antibodies in dromedaries with good results (Berlin et  al., 2015). 
Serologic testing was performed on 232 alpacas using a commercially 
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available ELISA based on PLD as antigen and an in-lab ELISA based 
on whole cell antigens (WCA), and showed a substantial degree of 
agreement of 89.5% for both tests (Sting et  al., 2022). Further 
comparative studies showed that the immunoblot had a sensitivity 
superior to both ELISAs (Sting et al., 2022). In conclusion, serological 
testing using ELISA combined with validation by immunoblot should 
be considered as critical methods to control CLA in alpaca herds.

5. Conclusion

To our knowledge, this is the first report of infection with 
C. pseudotuberculosi from alpaca in China, and the first whole genome 
sequencing of C. pseudotuberculosis biovar equi strain in alpaca. 
Comparative genomics analysis based on ANI value, gene families, 
core-pan genome, and synteny analysis demonstrated a high degree 
of genetic similarity among C. pseudotuberculosis strains, in contrast 
to other Corynebacterium species, with a clear delineation between 
strains belonging to the two biovars (ovis and equi). This study 
provides fundamental information for further exploration of the 
pathogenic mechanisms of C. pseudotuberculosis in alpaca and 
practical guidance for the prevention, diagnosis, and treatment of 
CLA in this species.
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Coxiella burnetii in Asia
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Tetsuya Tanaka6*
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Arabia, 3King Abdulaziz City for Science and Technology, Riyadh, Saudi Arabia, 4Department of

Biotechnology, Abdul Wali Khan University Mardan, Mardan, Khyber Pakhtunkhwa, Pakistan, 5College of

Animal Husbandry and Veterinary Sciences, Abdul Wali Khan University Mardan, Mardan, Khyber

Pakhtunkhwa, Pakistan, 6Laboratory of Infectious Diseases, Joint Faculty of Veterinary Medicine,

Kagoshima University, Kagoshima, Japan

Tick-borne Coxiella spp. are emerging in novel regions infecting di�erent hosts,

but information regarding their occurrence is limited. The purpose of this study

was the molecular screening of Coxiella spp. in various ticks infesting goats,

sheep, camels, cattle, wild mice, and domestic fowls (Gallus gallus domesticus)

in various districts of Khyber Pakhtunkhwa, Pakistan. Morphologically identified

tick species were confirmed by obtaining their cox1 sequences and were

molecularly screened for Coxiella spp. by sequencing GroEL fragments. Almost

345 out of 678 (50.9%) hosts were infested by nine tick species. Regarding the

age groups, the hosts having an age >3 years were highly infested (192/345,

55.6%), while gender-wise infestation was higher in female hosts (237/345,

68.7%). In collected ticks, the nymphs were outnumbered (613/1,119, 54.8%),

followed by adult females (293/1,119, 26.2%) and males (213/1,119, 19.7%). A

total of 227 ticks were processed for molecular identification and detection

of Coxiella spp. The obtained cox1 sequences of nine tick species such as

Hyalomma dromedarii, Hyalomma anatolicum, Haemaphysalis cornupunctata,

Haemaphysalis bispinosa, Haemaphysalis danieli, Haemaphysalis montgomeryi,

Rhipicephalus haemaphysaloides, Rhipicephalus microplus, and Argas persicus

showed maximum identities between 99.6% and 100% with the same species

and in the phylogenetic tree, clustered to the corresponding species. All the tick

species except Ha. danieli and R. microplus were found positive for Coxiella spp.

(40/227, 17.6%), including Coxiella burnetii (15/40, 6.7%), Coxiella endosymbionts

(14/40, 6.3%), and di�erent Coxiella spp. (11/40, 4.9%). By the BLAST results,

the GroEL fragments of Coxiella spp. showed maximum identity to C. burnetii,

Coxiella endosymbionts, and Coxiella sp., and phylogenetically clustered to the

corresponding species. This is the first comprehensive report regarding the genetic

characterization of Coxiella spp. in Pakistan’s ticks infesting domestic and wild

hosts. Proper surveillance and management measures should be undertaken to

avoid health risks.
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Introduction

Ticks are hematophagous ectoparasites, actively contributing
to transmitting infectious agents to wild and domestic animals
and humans (De la Fuente et al., 2017). Numerous ticks act
as distinguished vectors and reservoirs for various pathogens,
including bacteria causing rickettsiosis, anaplasmosis, Lyme
disease, viruses such as Powassan, and protozoan agents such as
Theileria spp. and Babesia spp. (De la Fuente et al., 2017; Karim
et al., 2017; Rochlin and Toledo, 2020; Ali et al., 2021). Aside
from transmitting various infectious agents, ticks are hosts to
many endosymbionts and a diversifiedmicrobiome (Špitalská et al.,
2018).

Among the bacterial genus Coxiella having one pathogenic
species, Coxiella burnetii is a Gram-negative obligate intracellular
bacterium distributed worldwide except in New Zealand and
French Polynesia (Musso et al., 2014; Eldin et al., 2017). Common
reservoirs of C. burnetii are domestic mammals, including cattle,
sheep, goats, and camels as well as reptiles, birds, and ticks
(Anderson et al., 2013; Abdel-Moein and Hamza, 2017), and have
the potential to cause query (Q) fever (Musso et al., 2014). The Q-
fever was reported for the first time in 1935 from Australia as an
outbreak of febrile illness with flu-like symptoms (Derrick, 1937),
and its causative agent was initially named Rickettsia burnetii, but
later on renamed as C. burnetii (Philip, 1948). Coxiella spp. have
been isolated from almost 40 tick species, and hence considered
as its tick-borne transmission to animals and humans (Eklund
et al., 1947; Beaman and Hung, 1989; Duron et al., 2014). Tick
species, including Hyalomma dromedarii, Hyalomma anatolicum,

Hyalomma scupense, Rhipicephalus microplus, and Rhipicephalus

annulatus, may serve as vector reservoirs for the transmission
of C. burnetii in Pakistan (Karim et al., 2017). Coxiella-like
endosymbionts were also found in various tick species, and an
obligatory mutualism between this bacteria and host ticks has been
proven (Smith et al., 2015).

Ticks can transmit Coxiella spp. both transovarially and
transstadially to their offspring. Infected ticks excrete enormous
amounts of Coxiella spp. in their feces, contaminating the skin
of host animals and playing a significant role in the spread of
Coxiella infection (Cong et al., 2015; Seo et al., 2016). Coxiella
burnetii may resist harsh environmental factors, for instance, dry
and hot weather, desiccation, and other antiseptics. As it may affect
the productive and reproductive abilities, humans and animals
could face long-term infection risks (Ullah et al., 2019). Various
techniques have been effectively followed for the surveillance of C.
burnetii infection. Still, ELISA is considered an effective technique
for its serological diagnosis. In combination with sequencing, PCR
is believed to be the best technique for the molecular identification
and genetic characterization of C. burnetii (Niemczuk et al., 2014;
Bontje et al., 2016).

Coxiella spp. have been detected in different tick species,
animals, humans, and soil samples in Asia that have been reported
in various studies. Coxiella burnetii is the causative agent of
Q-fever, one of the ignored zoonoses in developing countries,
including Pakistan. To the best of our knowledge, approximately
24 studies from 1955 to 2022 regarding this infection have been
reported in Pakistan, and Q-fever in humans, goats, sheep, cattle,

buffaloes, as well as rodents has been serologically documented
(Ahmed, 1987; Ullah et al., 2019; Ali et al., 2022a; Hussain
et al., 2022). The C. burnetii is also considered a soil-borne
pathogen as its isolation has been confirmed from soil samples
(Shabbir et al., 2015). Due to the information dearth regarding
numerous tick-borne pathogens (TBPs) that infect ruminants and
other animals in Pakistan, substantial research is required to
investigate the genetic composition of various TBPs, specifically
Coxiella spp. Hence, this study aimed to molecularly characterize
different tick species infesting domestic and wild animals and
screen out the associated Coxiella spp. in Pakistan and summarize
the association of Coxiella spp. with ticks infesting various
hosts in Asia.

Materials and methods

Ethical considerations

The Advance Studies and Research Board (ASRB:
Dir/A&R/AWKUM/2022/9396) of the Department of
Zoology, Abdul Wali Khan University Mardan, Pakistan,
approved prior consent for this study. Additionally,
permission was taken from the owners of the animals to
observe hosts and ticks collection. All the rules regarding
animal welfare regulations were followed while handling
the animals.

Description of the study area and sampling
sites

Different districts including Lakki Marwat (32.5993◦ N,
70.9160◦ E), Mansehra (34.3271◦ N, 73.1992◦ E), Bajaur (34.7522◦

N, 71.5162◦ E), Dir Upper (35.3274◦ N, 72.0907◦ E), Dir Lower
(34.8364◦ N, 71.8964◦ E), Abbottabad (34.1534◦ N, 73.2215◦

E), Buner (34.459129◦ N, 72.557252◦ E), Charsadda (34.161297◦

N, 71.755377◦ E), Chitral (35.727064◦ N, 71.759794◦ E), and
Nowshera (33.998608◦ N, 71.999144◦ E) of Khyber Pakhtunkhwa
were selected for the current study. These study locations have
desertic plains, arid plains, arid hilly, humid plains, and hilly areas
with variations in their climatic conditions, altitude, and seasons
(winter, spring, summer, and autumn). The summer season is
comparatively hot and longer in district Lakki Marwat than in
other districts; however, snowfall occurs in winter in the districts
of Chitral, Mansehra, Buner, Bajaur, Dir Upper, Dir Lower, and
Abbottabad (climate-data.org; accessed on 20 February 2023).
Goats, sheep, camels, and cattle are the livestock of the region
that are intended for producing dairy products and transportation.
These transhumant animals move from one place to another
within the district for food and natural pastures. Their diet
and resources depend upon climatic conditions that remarkably
vary spatiotemporally. The Global Positioning System was used
for the geographical coordinates of the districts as mentioned
above and designed the study map through ArcGIS v 10.3.1
(Figure 1).
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FIGURE 1

Map showing the collection sites where ticks were collected.

Tick collection and their morphological
identification

The herds of goats, sheep, camels, and cattle were visited for
tick collection from September 2021 to August 2022. Moreover,
wild mice captured by local farmers on agricultural land and
domestic fowls (Gallus gallus domesticus) were also examined
for tick specimens. Tick specimens were collected manually
from different hosts in the study districts. The collected ticks
were morphologically identified under a stereomicroscope (SZ61,
Olympus, Japan) using available standard morphological keys
(Hoogstraal and Kaiser, 1959; Hoogstraal and Varma, 1962;
Hoogstraal and Trapido, 1966; Dhanda and Kulkarni, 1969;
Kohls et al., 1970; Cerný and Hoogstraal, 1977; Apanaskevich,
2003; Apanaskevich et al., 2008; Ahmad et al., 2022; Ali et al.,
2022b). The identified tick species were categorized according
to species, gender, and nymph stage or adult stage, and
then preserved in 100% ethanol at room temperature before
further analyses.

DNA extraction and molecular screening

The preserved ticks were washed with 70% ethanol, followed
by their immersion in distilled water for 10min to eliminate the
external contamination, and subsequently dried on a sterile filter
paper. A subset of 227 (137N, 49 F, and 41M) ticks including 65
Ha. cornupunctata (41N, 14 F, and 10M), 28 Ha. montgomeryi

(17N, 6 F, and 5M), 28 Hy. anatolicum (17N, 6 F, and 5M), 27
A. persicus (17N, 6 F, and 4M), 23 R. haemaphysaloides (15N, 5 F,
and 3M), 19 R. microplus (9N, 5 F, and 5M), 19 Ha. bispinosa

(11N, 4 F, and 4M), 12 Hy. dromedarii (7N, 1 F, and 4M), and 6
Ha. danieli (3N, 2 F, and 1M) were randomly selected and used
individually for DNA extraction. Each stage of the morphologically
identified tick species was individually crushed using sterile scissors
to extract genomic DNA through the standard protocol of the
phenol–chloroform method (Sambrook et al., 1989).

The whole extracted genomic DNA of each morphologically
identified tick species (each stage) was individually used to
amplify cox1 fragments by utilizing species-specific primers in a
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TABLE 1 Primers and PCR cycling conditions used in the current study.

Gene Sequence (5-3) Amplicon
size

Cycling conditions References

cox1 HCO2198:
TAAACTTCAGGGTGACCAAAAAATCA

710 bp 98◦C
30 sec

→ 40X
[

98◦C
10 sec

→
63◦C
20 sec

→
72◦C
25 sec

]

→
72◦C
5 min

→ 10◦C Folmer et al., 1994

LCO1490:
GGTCAACAAATCATAAAGATATTGG

GroEL CoxGrF1: ∗

TTTGAAAAYATGGGCGCKCAAATGGT
655 bp 95◦C

3 min
→ 30X

[

95◦C
30 sec

→
56◦C
30 sec

→
72◦C
1.5 min

]

→
72◦C
7 min

→ 10◦C Duron et al., 2014

CoxGrR2: ∗ CGRTCRCCAAARCCAGGTGC

CoxGrF2: ∗∗

GAAGTGGCTTCGCRTACWTCAGACG
619 bp

CoxGrFR1: ∗∗ CCAAARCCAGGTGCTTTYAC

∗First run of nested PCR. ∗∗Second run of nested PCR.

conventional PCR (Table 1). Nested PCR was performed to amplify
the GroEL fragment of Coxiella spp. (GE-96G, BIOER, Hangzhou,
China). In nested PCR, two pairs of primers were used for the said
purpose (Table 1). PCR reactionmixtures were performed in 25µL,
comprised of 1µL of each primer at a concentration of 10 pmol/µL
(first pair of primers in case ofGroEL), 8.5µL PCRwater, 2µL (100
ng/µL) genomic DNA, and 12.5 µL DreamTaq MasterMix (2×)
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). However,
2 µL of PCR product from the first PCR amplified reaction was
used instead of genomic DNA in the second PCR run (in the
case of GroEL) along with the second pair of primers at the same
concentration. In each PCR reaction, PCR water was taken as a
negative control, whileHyalomma scupense and Rickettsia massiliae

DNA were taken as a positive control for ticks and Coxiella,
respectively. The amplified products were loaded in 2% agarose
gel to observe the expected band through the Gel Documentation
System (BioDoc-ItTM Imaging Systems, UVP, LLC, Upland, CA,
USA). PCR amplified products were purified via GeneClean II
Kit (Qbiogene, Il-lkirch, France) following the manufacturer’s
protocol. The amplified amplicons were sequenced bidirectionally
through the Sanger-based sequencing method (Macrogen, Inc.,
Seoul, South Korea).

Sequences and phylogenetic analyses

The chromatograms of all the obtained sequences were
manually observed and trimmed for purification purposes to
remove the contaminated and poor reading regions through
SeqMan V. 5 (DNASTAR, Inc., Madison, WI, USA). Final
trimmed sequences were subjected to Basic Local Alignment Search
Tool (BLAST) (Altschul et al., 1990) at National Center for
Biotechnology Information to get the high identity sequences in
FASTA format. ClustalW multiple alignments (Thompson et al.,
1994) were used to align all the downloaded sequences along
with the obtained and selected outgroup sequences in BioEdit
Sequence Alignment Editor V.7.0.5 (Raleigh, NC, USA) (Hall
et al., 2011). The phylogenetic trees based on partial fragments
of cox1 and GroEL were constructed in MEGA-X (Molecular
Evolutionary Genetics Analysis) (Kumar et al., 2018) through the

neighbor-joining method (Tamura-Nei model) and the Maximum
Parsimony method (Tamura-Nei model) (Tamura and Nei, 1993)
with support of 1000 bootstrapping replicons, respectively. The
coding fragments (cox1 and GroEL) were aligned using MUSCLE
(Edgar, 2004).

Literature search

The literature search was conducted using databases such
as PubMed, Google Scholar, and Web of Sciences, to overview
the published studies regarding the detection of C. burnetii in
different ticks, animals, humans, or soil in Asia. The keywords
used for the search were as follows: tick(s), small ruminant(s),
livestock, C. burnetii, Coxiellosis, and Q-fever. Combinations
of the aforementioned various keywords were used to retrieve
full-text research articles, review articles, short communications,
and conference papers. Reference lists of retrieved articles were
screened to identify relevant articles (accessed on 16 April 2023)
(Table 2).

Results

Hosts prevalence

The highest number of observed hosts (374/678, 55.2%) were
included in a group having age > 3 years, followed by various hosts
(192/678, 28.3%) having age 1–3 years, and the lowest numbers
of observed hosts (112/678, 16.5%) belonging to the age group
having age <1 year. Different hosts having age >3 years were
highly infested (192/345, 55.6%), while animals having age ≤1 year
were least infested (62/345, 18.0%). The examined and infested
female hosts were more predominant in number (486/678; 71.7%,
237/345; 68.7%) than male hosts (192/678; 28.3%, 108/345; 31.3%).
The highest number of infested hosts was recorded in summer
(June–August) (146/345, 42.3%), followed by spring (March–May)
(99/345, 28.7%), autumn (September–November) (65/345, 18.8%),
and winter (December–February) (35/345, 10.4%), respectively
(Table 3).
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TABLE 2 Coxiella burnetii detected in di�erent ticks, animals, humans, or soil samples in Asia.

Country/year Tick
spp./source

Detected/infested
host

Serologically/molecularly Reference

Abu Dhabi/2021 Blood Camels Serologically El Tigani-Asil et al., 2021

Afghanistan/2012–2013 Blood Humans Serologically Akbarian et al., 2015

Livestock

Armenia/1971-1974 Blood Humans Serologically Tarasevič et al., 1976

Cattle

Azerbaijan/2018 Milk Goats, sheep Molecularly (PCR) Khademi et al., 2020

Bangladesh/2018-2021 Blood Cattle and goats, Humans Serologically Chakrabartty et al., 2021

Milk samples Cattle Molecularly (PCR)

Bhutan/2014-2015 Blood Humans (patients) Serologically and Molecularly (PCR) Tshokey et al., 2018

Bhutan/2015 Goats Serologically Tshokey et al., 2019

Bangladesh/2007-2008 Blood Cattle, goats, sheep Serologically Rahman et al., 2016

Placenta Sheep Molecularly (PCR)

Cambodia/2019 Blood Goats Serologically Siengsanan-Lamont et al.,
2023

China Blood Humans Serologically and Molecularly (PCR) El-Mahallawy et al., 2016

China/2018 Tissue (spleens) Hedgehogs Molecularly (PCR and sequencing) Gong et al., 2020

China/2018-2019 D. nuttalli Cattle, sheep Molecularly (PCR and sequencing) Ni et al., 2020

D. pavlovskyi

D. silvarum

D. niveus

Hy. rufipes

Hy. anatolicum

Hy. asiaticum

R. sanguineus

Ha. punctata

Cyprus Blood Humans Serologically Psaroulaki et al., 2006

Goats and sheep

R. sanguineus and
Hyalomma spp.

Goats and sheep Molecularly (PCR)

Hong Kong/2008 Blood Humans Serologically Chan et al., 2010

India Blood Humans Serologically Sahu et al., 2018

India/2018-2019 Blood Goats Serologically and Molecularly (PCR and
sequencing)

Patra et al., 2020

R. microplus

Iran/2013-2016 Blood Humans Molecularly (PCR) Esmaeili et al., 2019

Iran/2017–2018 Aborted samples Cattle, sheep, and goats Molecularly (PCR) Mohabati Mobarez et al.,
2021

Spleen, liver, and
cotyledons

Iraq/2019 Blood Camels Serologically and Molecularly (PCR and
sequencing)

Al-Graibawi et al., 2021

Iraq/2007 Topsoil and
airborne dust

Molecularly (PCR) Leski et al., 2011

Iraq/2018-2019 Blood and milk Cows Serologically and Molecularly (PCR and
sequencing)

Gharban and Yousif, 2020

(Continued)
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TABLE 2 (Continued)

Country/year Tick
spp./source

Detected/infested
host

Serologically/molecularly Reference

Iraq/2005 Blood Humans (US military) Serologically Royal et al., 2013

Israel/2005 Blood Humans Serologically and Molecularly (PCR) Amitai et al., 2010

Israel Hy. dromedarii Camels Molecularly (PCR) Mumcuoglu et al., 2022

Hy. aegyptium Tortoises

Indonesia/2017 Tissue Cows, goats, sheep Molecularly (PCR and sequencing) Rini et al., 2022

Japan/1996–1997 Blood Humans Molecularly (PCR) Kato et al., 1998

Jordan/2015–2016 Blood Humans Serologically Obaidat et al., 2019

Jordan/2015–2017 Blood Goats, sheep Serologically Lafi et al., 2020

Kazakhstan/2021–2022 D. marginatus and
Hy. anatolicum

Cattle Molecularly (PCR and sequencing) Sultankulova et al., 2022

Korea/2016 Blood Humans Molecularly (PCR and sequencing) Lee et al., 2020

Kuwait/2007 Topsoil and
airborne dust

Molecularly (PCR) Leski et al., 2011

Lebanon/2015 Blood Humans Serologically Dabaja et al., 2018

Lebanon/2014 R. annulatus Cattle, sheep, goats Molecularly (PCR) Dabaja et al., 2020

R. turanicus

Hy. anatolicum

R. sanguineus

R. bursa

Milk Serologically

Laos/2016–2017 Blood Goats Serologically Burns et al., 2018

Malaysia/2012–2013 Blood Humans Serologically Khor et al., 2018

Malaysia/2013 Blood and vaginal
sample

Cattle Molecularly (PCR and sequencing) Nurkunasegran et al., 2017

Amblyomma and
Dermacentor spp.

Rodents

Haemaphysalis spp. Vegetation

R. sanguineus and
Dermacentor spp.

Dogs

Mongolia/2008–2015 Blood Snow leopards Serologically Esson et al., 2019

Ticks Molecularly (PCR)

Nepal/2016 Blood Cattle Serologically Panth et al., 2017

Oman/2019 Blood/bone Humans Serologically Al-Kindi et al., 2022

Pakistan Blood Humans, goats, sheep,
buffaloes, cows, Rodents

Serologically Ahmed, 1987

Pakistan Soil Soil Molecularly (PCR) Shabbir et al., 2015

Pakistan Blood Camels Serologically Hussain et al., 2022

Pakistan/2016 Ticks and blood Goats and sheep Serologically and Molecularly (PCR) Ullah et al., 2019

Pakistan Blood Humans Serologically Ali et al., 2022a

Palestine/2016 Blood Rams Serologically

Jalboush and Alzuheir, 2017

Qatar/2005–2006 Blood Humans (US military) Serologically Royal et al., 2013

Saudi Arabia Blood, milk, feces,
and urine

Camels, cattle, and goats Molecularly (PCR) Mohammed et al., 2014

(Continued)
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TABLE 2 (Continued)

Country/year Tick
spp./source

Detected/infested
host

Serologically/molecularly Reference

Saudi Arabia/2011–2013 Blood Humans Serologically Almogren et al., 2013

South Korea/2007–2013 Blood Horses Serologically Seo et al., 2016

Taiwan/2007 Blood Humans Serologically Chang et al., 2010

Taiwan/2009–2011 Blood Dogs Molecularly (PCR and sequencing) Chou et al., 2014

Thailand/2012–2013 Blood Humans Serologically and Molecularly (PCR) Doung-Ngern et al., 2017

Cattle

Milk Cattle

Turkey Blood Cows, sheep, goats Serologically Ozgen et al., 2022

Turkey/2007 Blood Humans Serologically Kilic et al., 2008

Tunisia/2015–2017 Hy. impeltatum Camels Molecularly (PCR and sequencing) Selmi et al., 2019

Hy. dromedarii

United Arab Emirates Blood Goats, sheep Serologically Barigye et al., 2022

Vietnam Bone marrow Humans (patient) Molecularly (PCR) Thi Vinh An et al., 2022

TABLE 3 Age, gender, and season-wise infestation rate of hosts.

Variables Observed host (%) Infested hosts (%) Total infested/total observed
(%)

Age <1 year 112 (16.5) 62 (18.0) 345/678 (52.1)

1–3 years 192 (28.3) 91 (26.4)

>3 years 374 (55.2) 192 (55.6)

Gender Female 486 (71.7) 237 (68.7) 345/678 (52.1)

Male 192 (28.3) 108 (31.3)

Seasons Spring (March–May) 163 (24.0) 99 (28.7) 345/678 (52.1)

Summer (June–August) 191 (28.2) 146 (42.3)

Autumn
(September–November)

165 (24.3) 65 (18.8)

Winter (December–February) 159 (23.4) 35 (10.1)

A total of 678 different hosts such as goats, sheep, camels,
cattle, wild mice, and domestic fowls were examined for tick
collection in the selected localities, of which other hosts (number
= 345/678, 50.9%), including goats (78/149, 52.3%), sheep (75/136,
55.1%), camels (36/93, 38.7%), cattle (69/129, 53.5%), wild mice
(15/48, 31.2%), and domestic fowls (72/123, 58.5%) were found
tick infested. The highest prevalence of infested hosts was recorded
in district Lakki Marwat (44/351, 12.5%), followed by Charsadda
(36/351, 10.3%), Nowshera, Buner, Mansehra, and Abbottabad
(35/351, 9.7%), Chitral (34/351, 9.7%), Dir Upper and Dir Lower
(33/351, 9.4%), while least infestation rate was recorded in district
Bajaur (31/351, 8.8%) (Table 4).

Ticks and their molecular analyses

Altogether, 1,119 ticks including nymphs (613/1,119, 54.8%),
adult females (293/1,119, 26.2%), and males (213/1,119, 19.0%)

were collected from infested hosts and were categorized into four
genera (Haemaphysalis, Hyalomma, Rhipicephalus, andArgas). The
highest number of collected tick species was Ha. cornupunctata

(258/1,119, 23.1%), followed byHy. anatolicum (209/1,119, 18.7%),
A. persicus (146/1,119, 13.0%), R. microplus (137/1,119, 12.2%),Ha.
montgomeryi (119/1,119, 10.6%), R. haemaphysaloides (97/1,119,
8.7%), Ha. bispinosa (92/1,119, 8.2%), Hy. dromedarii (47/1,119,
4.2%), and Ha. danieli (14/1,119, 1.2%). Genomic DNA was
extracted from 227 morphologically identified ticks (137N, 49 F,
and 41M), and all identified tick species were molecularly
confirmed via sequencing of the cox1 partial fragment (Table 4).

Screening of Coxiella in various ticks

Extracted DNA of 227 (20.3%) was used to amplify the
fragments of GroEL of Coxiella spp. A total of 40/227 (17.6%)
ticks were found positive for Coxiella spp., including C. burnetii
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TABLE 4 Occurrence of ticks and molecular detection of Coxiella spp. in di�erent districts of Khyber Pakhtunkhwa.

Districts Hosts Tick species Ticks life
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Lakki Marwat Goats 19 8 R. haemaphysaloides (5N, 3 F, 1M) 9 (1N, 1 F) 2 – – – – – – – –

Hy. anatolicum (7N, 3 F, 2M) 12 (1N, 1M) 2 – – – – – – – –

Ha. bispinosa (6N, 2 F, 3M) 11 (1N, 1M) 2 – – – – – – – –

Sheep 18 7 R. haemaphysaloides (5N, 2 F, 1M) 8 (2N, 1 F) 3 – – – – – – – –

Ha. montgomeryi (7N, 2 F, 3M) 12 (1N, 1M) 2 – – – – – – – –

Ha. cornupunctata (5N, 1 F, 3M) 9 (1N) 1 – – – – – – – –

Camels 31 13 Hy. dromedarii (6N, 3 F, 3M) 12 (3N, 1 F, 2M) 6 2N, 1 F – – – – – – –

Hy. anatolicum (8N, 4 F, 3M) 15 (2N, 1 F, 1M) 4 1N, 1 F – – – – – – –

Cattle 17 8 R. microplus (10N, 3 F, 4M) 17 (1N, 1M) 2 – – – – – – – –

Hy. anatolicum (6N, 4 F, 1M) 11 (1N) 1 – – – – – – – –

Wild mice 4 2 Ha. cornupunctata (4N, 3 F) 7 (2N, 1 F) 3 – – – – – – – –

Domestic
fowls

17 6 A. persicus (8N, 4 F, 2M) 14 (2N, 1 F, 1M) 4 – – –

Charsadda Goats 17 7 Ha. cornupunctata (5N, 3 F, 1M) 9 (1N, 1 F) 2 – – – – – – – –

Hy. anatolicum (6N, 3 F, 3M) 12 (1N, 1M) 2 – – – – – – – –

Ha. bispinosa (5N, 2 F, 2M) 9 (1N, 1 F, 1M) 3 – – – – – – – –

Sheep 15 5 R. haemaphysaloides (4N, 2 F, 2M) 8 (1N) 1 – – – – – – – –

Ha. montgomeryi (7N, 3 F, 2M) 12 (1N, 1 F, 1M) 3 – – – – – – – –

Ha. cornupunctata (5N, 2 F, 2M) 9 (1N, 1 F) 2 – – – – – – – –

Camels 26 8 Hy. dromedarii (7N, 3 F, 2M) 12 (1N, 1M) 2 – – – – – – – –

Hy. anatolicum (5N, 4 F, 2M) 11 (1N) 1 – – – – – – – –

(Continued)
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TABLE 4 (Continued)

Districts Hosts Tick species Ticks life
stages
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extraction
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Cattle 15 7 R. microplus (10N, 6 F, 1M) 17 (1N, 1 F, 1M) 3 – – – – – – – –

Hy. anatolicum (8N, 4 F, 3M) 15 (1N, 1 F) 2 – – – – – – – –

Wild mice 11 3 Ha. cornupunctata (4N, 3M) 7 (4N, 1 F) 5 3N, 1 F – – – – – – –

Domestic
fowls

13 6 A. persicus (9N, 4 F, 3M) 16 (1N, 1M) 2 – – – – – – – –

Nowshera Goats 19 7 Ha. bispinosa (5N, 3 F, 1M) 9 (1N, 1 F) 2 – – – – – – – –

Ha. cornupunctata (6N, 3 F, 3M) 12 (1N, 1 F, 1M) 3 – – – – – – – –

Sheep 11 6 R. haemaphysaloides (5N, 4 F, 1M) 10 (1N) 1 – – – – – – – –

Ha. montgomeryi (4N, 2 F, 2M) 8 (2N) 2 – – – – – – – –

Camels 21 8 Hy. dromedarii (7N, 2 F, 3M) 12 (1N, 1M) 2 – – – – – – – –

Cattle 13 6 R. microplus (8N, 4 F, 2M) 14 (1N, 1 F) 2 – – – – – – – –

Wild mice 3 1 Ha. cornupunctata (4N, 1 F, 1M) 6 (1N, 1 F) 2 – – – – – – – –

Domestic
fowls

15 7 A. persicus (9N, 2 F, 3M) 14 (2N, 1 F) 3 – – – – – – – –

Dir Upper Goats 16 9 Ha. cornupunctata (7N, 3 F, 3M) 13 (1N, 1 F, 1M) 3 – – – – – – – –

Ha. bispinosa (6N, 2 F, 3M) 11 (1N, 1M) 2 – – – – – – – 1N, 1 M

Ha. danieli (8N, 4 F, 2M) 14 (3N, 2 F, 1M) 6 – – – – – – – –

Sheep 15 7 R. haemaphysaloides (5N, 3 F, 2M) 10 (1N, 1 F) 2 – – – – – – – –

Ha. montgomeryi (6N, 2 F, 1M) 9 (1N, 1 F) 2 – – – – – – – –

Ha. cornupunctata (7N, 3 F, 2M) 12 (1N) 1 – – – – – – – –

Cattle 12 10 R. microplus (9N, 2 F, 4M) 15 (1N, 1M) 2 – – – – – – – –

Wild mice 2 1 Ha. cornupunctata (4N, 2 F, 2M) 8 (1N) 1 – – – – – – – –
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TABLE 4 (Continued)
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Domestic
fowls

10 6 A. persicus (7N, 3 F, 2M) 12 (1N) 1 – – – – – – – –

Dir Lower Goats 13 10 Ha. cornupunctata (5N, 2 F, 2M) 9 (5N, 2 F, 1M) 8 1N, 1 F 2N, 1 F – 1N, 1M – – – –

Ha. bispinosa (6N, 3 F, 3M) 12 (1N) 1 – – – – – – – –

Sheep 14 9 Ha. montgomeryi (4N, 2 F, 2M) 8 (1N) 1 – – – – – – – –

Ha. cornupunctata (8N, 3 F, 3M) 14 (2N, 1 F, 2M) 5 1N, 1 F,
2M

– – – – – – –

Cattle 13 5 R. microplus (7N, 4 F, 2M) 13 (1N) 1 – – – – – – – –

Hy. anatolicum (9N, 4 F, 2M) 15 (1N, 1 F) 2 – – – – – – – –

Wild mice 5 1 Ha. cornupunctata (5N, 5 F) 10 (1N, 1 F) 2 – – – – – – – –

Domestic
fowls

11 8 A. persicus (8N, 3 F, 3M) 14 (1N, 1M) 2 – – – – – – – –

Buner Goats 14 7 Ha. cornupunctata (5N, 4 F, 2M) 11 (2N) 2 – – – – – – – –

Hy. anatolicum (8N, 3 F, 5M) 16 (1N) 1 – – – – – – – –

Ha. bispinosa (6N, 4 F) 10 (1N) 1 – – – – – – – –

Sheep 13 10 R. haemaphysaloides (5N, 2 F, 2M) 9 (1N, 1 F) 2 – – – – – – – –

Ha. montgomeryi (6N, 5 F, 1M) 12 (2N, 1 F) 3 – – 2N, 1 F – – – – –

Ha. cornupunctata (5N, 4 F, 1M) 10 (1N) 1 – – – – – – – –

Cattle 11 9 R. microplus (8N, 4 F, 3M) 15 (1N, 1 F) 2 – – – – – – – –

Hy. anatolicum (7N, 3 F, 3M) 13 (1N, 1M) 2 – – – – – – – –

Wild mice 3 1 Ha. cornupunctata (5N, 3 F, 1M) 9 (1N) 1 – – – – – – – –

Domestic
fowls

13 8 A. persicus (6N, 5 F, 2M) 13 (1N, 1 F) 2 – – – – – – – –

(Continued)
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TABLE 4 (Continued)
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Mansehra Goats 12 8 Ha. cornupunctata (5N, 2 F, 1M) 8 (2N, 1 F) 3 – – – – – – – –

Hy. anatolicum (7N, 3 F, 4M) 14 (1N) 1 – – – – – – – –

Sheep 10 9 R. haemaphysaloides (6N, 2 F, 3M) 11 (3N, 1 F, 2M) 6 – 2N, 1 F,
1M

– – – – – –

Ha. montgomeryi (4N, 3 F) 7 (1N, 1 F) 2 – – – – – – – –

Ha. cornupunctata (6N, 2 F, 2M) 10 (2N) 2 – – – – – – – –

Cattle 14 9 R. microplus (9N, 4 F, 3M) 16 (1N, 1 F) 2 – – – – – – – –

Hy. anatolicum (7N, 3 F, 4M) 14 (1N, 1M) 2 – – – – – – – –

Wild mice 5 2 Ha. cornupunctata (5N, 2 F, 3M) 10 (1N) 1 – – – – – – – –

Domestic
fowls

9 7 A. persicus (9N, 3 F, 4M) 16 (2N, 1 F) 3 – – – – – – – –

Bajaur Goats 16 6 Ha. bispinosa (5N, 4 F, 3M) 12 (1N) 1 – – – – – – – –

Ha. montgomeryi (9N, 3 F, 4M) 16 (3N, 1 F, 1M) 5 – – – – – – – –

Ha. cornupunctata (4N, 5 F) 9 (2N, 1 F) 3 – – – 1 F – – – –

Sheep 17 7 R. haemaphysaloides (6N, 3 F, 3M) 12 (2N) 2 – – – – – – – –

Ha. montgomeryi (8N, 2 F, 4M) 14 (3N, 1 F, 1M) 5 – – – – 2N 1 F – –

Cattle 12 8 Hy. anatolicum (7N, 4 F, 3M) 14 (1N) 1 – – – – – – – –

Wild mice 8 1 Ha. cornupunctata (5N, 4 F, 1M) 10 (1N, 1M) 2 – – – – – – – –

Domestic
fowls

14 9 A. persicus (8N, 3 F, 3M) 14 (1N) 1 – – – – – – – –

Abbottabad Goats 13 9 Ha. cornupunctata (6N, 2 F, 4M) 12 (1N, 1 F, 1M) 3 – – – – – – – –

Hy. anatolicum (5N, 2 F, 3M) 10 (1N) 1 – – – – – – – –

(Continued)
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TABLE 4 (Continued)

Districts Hosts Tick species Ticks life
stages
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Ha. bispinosa (4N, 3 F, 1M) 8 (3N, 1 F, 1M) 5 – – – – – – 2N, 1 F –

Sheep 12 6 R. haemaphysaloides (7N, 2 F, 3M) 12 (1N, 1M) 2 – – – – – – – –

Ha. montgomeryi (5N, 3 F, 1M) 9 (1N) 1 – – – – – – – –

Ha. cornupunctata (6N, 4 F, 2M) 12 (1N, 1M) 2 – – – – – – – –

Camels 15 7 Hy. dromedarii (6N, 4 F, 1M) 11 (2N) 2 – – – – – – – –

Hy. anatolicum (9N, 5 F, 14 (1N, 1 F) 2 – – – – – – – –

Cattle 9 7 R. microplus (9N, 4 F, 3M) 16 (1N, 1M) 2 – – – – – – – –

Wild mice 3 1 Ha. cornupunctata (5N, 2M) 7 (2N, 1M) 3 – – – – – – – –

Domestic
fowls

9 5 A. persicus (8N, 4 F, 3M) 15 (1N, 1 F) 2 – – – – – – – –

Chitral Goats 10 7 Ha. cornupunctata (5N, 2 F, 2M) 9 (1N, 1M) 2 – – – – – – – –

Hy. anatolicum (8N, 3 F, 1M) 12 (1N, 1 F) 2 – – – – – – – –

Ha. bispinosa (6N, 2 F, 2M) 10 (1N, 1 F) 2 – – – – – – – –

Sheep 11 9 R. haemaphysaloides (5N, 3 F) 8 (2N) 2 – – – – – – – –

Ha. montgomeryi (7N, 3 F, 2M) 12 (1N, 1M) 2 – – – – – – – –

Ha. cornupunctata (5N, 3 F, 1M) 9 (1N) 1 – – – – – – – –

Cattle 13 6 Hy. anatolicum (5N, 3 F, 3M) 11 (1N, 1 F) 2 – – – – – – – –

R. microplus (7N, 4 F, 3M) 14 (1N, 1 F, 1M) 3 – – – – – – – –

Wild mice 4 2 Ha. cornupunctata (4N, 2 F, 1M) 7 (1N) 1 – – – – – – – –

Domestic
fowls

12 10 A. persicus (9N, 5 F, 4M) 18 (5N, 1 F, 1M) 7 – 2N, 1 F,
1M

– – – – – –

Total 678 345

(50.9%)
(613N, 293 F,
213M) 1,119

(137N, 49 F,
41M) 227

15 (6.7%) 14 (6.3%) 11 (4.9%)
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(15, 6.7%), Coxiella endosymbionts (14, 6.3%), and Coxiella sp.
(11, 4.9%). Coxiella burnetii was detected in ticks collected from
camels (Hy. dromedarii and Hy. anatolicum) in the district of
Lakki Marwat, wild mice (Ha. cornupunctata) in Charsadda, and
goats and sheep (Ha. cornupunctata) in Dir Lower. Coxiella

endosymbionts were detected in ticks collected from goats (Ha.
cornupunctata) in district Dir Lower sheep (Ha. montgomeryi and
R. haemaphysaloides) in Buner and Mansehra, and domestic fowls
(A. persicus) in Chitral.Coxiella spp. were detected in ticks collected
from goats (Ha. bispinosa) in the district of Dir Upper, from goats
(Ha. cornupunctata) in Dir Lower, from goats and sheep (Ha.
cornupunctata and Ha. montgomeryi) in Bajaur, and from goats
(Ha. bispinosa) in Abbottabad (Table 4).

Phylogenetic analyses of the obtained
sequences

All amplified PCR products were separately sequenced.
The identical sequences were considered as a single consensus
sequence. Trimmed and purified sequences of cox1 fragments were
obtained from nine tick species, including Ha. cornupunctata,
Ha. bispinosa, Ha. danieli, Ha. montgomeryi, Hy. anatolicum, Hy.

dromedarii, R. haemaphysaloides, R. microplus, and A. persicus.
The BLAST results showed that the cox1 fragments of the nine
tick species were 99.6–100% identical to the corresponding species.
Additionally, these sequences were phylogenetically clustered to
the corresponding species reported from Pakistan, China, India,
Bangladesh, Kazakhstan, Kenya, and Iran (Figure 2).

Based on the GroEL fragment, eight GroEL fragments of
Coxiella spp. were detected in the aforementioned tick species
except for Ha. danieli and R. microplus. By the BLAST
results, the obtained GroEL fragment of Coxiella sp. (detected
in Ha. cornupunctata, Hy. dromedarii, and Hy. anatolicum)
showed maximum identity (99.8–100%) with the C. burnetii

and phylogenetically clustered with the corresponding species
reported from Slovakia (MG860513), China (ON455116), Russia
(EF627450), USA (CP040059), and Thailand (MZ327921).

The obtained GroEL fragment of Coxiella spp. (detected in
Ha. cornupunctata, A. persicus, and R. haemaphysaloides) showed
100% identity with the Coxiella endosymbiont reported from
China (MZ367034 and MZ367036). Another GroEL fragment
of Coxiella sp. (detected in Ha. montgomeryi) showed 99.8%
maximum identity with the Coxiella endosymbiont reported from
France (KP985488) and China (KP985490). Both partial fragments
clustered with the corresponding Coxiella endosymbiont in the
phylogenetic tree.

The BLAST results of the obtainedGroEL fragments of Coxiella
sp. OQ883859 (detected in Ha. cornupunctata) showed 88–90%
maximum identity with Coxiella endosymbiont reported from the
United Kingdom (KP985492), Coxiella sp. OQ883860 (detected
in Ha. montgomeryi) showed 90.23% identity with Coxiella

sp. reported from France (KP985502 and KP985500), Tunisia
(KP985456), and Algeria (KP985472). The Coxiella sp. OQ883861
(detected inHa. montgomeryi) showed 95.4% identity with Coxiella
sp. reported from Chile (KJ459055) and Spain (MW287611), while
Coxiella sp. OQ883862 (detected in Ha. bispinosa) showed 93.9%

identity with Coxiella sp. reported from China (OK625731 and
OK625732), and Coxiella sp. OQ883863 (detected inHa. bispinosa)
showed 91.3% identity with Coxiella sp. reported from China
(OK625731 and OK625732). In the phylogenetic tree, all the
obtained aforementioned Coxiella sp. sequences were clustered to
the corresponding Coxiella sp. sequences (Figure 3).

The obtained cox1 partial fragments of ticks were submitted
to GenBank under accession numbers: OQ860250 (Ha.
cornupunctata), OQ860248 (Ha. bispinosa), OQ860704 (Ha.
danieli), OQ860705 (Ha. montgomeryi), OQ860706 (Hy.
anatolicum), OQ860725 (Hy. dromedarii), OQ861058 (R.
haemaphysaloides), OQ861080 (R. microplus), and OQ860245 (A.
persicus). The obtained GroEL partial fragments of Coxiella spp.
were submitted to GenBank under accession numbers: OQ883856
(C. burnetii), OQ883857 (Coxiella endosymbiont), OQ883858
(Coxiella endosymbiont), OQ883859 (Coxiella sp.), OQ883860
(Coxiella sp.), OQ883861 (Coxiella sp.), OQ883862 (Coxiella sp.).

Discussion

Various ticks and their associated pathogens ideally propagate
in Pakistan’s humid and variable climatic conditions (Karim
et al., 2017; Ali et al., 2019, 2020, 2021; Obaid et al., 2023).
Microbiota belonging to different bacterial genera have been
detected in different tick species in Pakistan (Karim et al., 2017;
Ali et al., 2021; Alam et al., 2022; Khan Z. et al., 2022; Khan
S. M. et al., 2023; Numan et al., 2022). Some serological surveys
of Q-fever in small ruminants, large ruminants, rodents, and
humans have been reported from Pakistan (Ahmed, 1987; Ali
et al., 2022a). There is limited information available regarding
the molecular characterization of C. burnetii and thus it remains
an ignored zoonotic disease in the country. The association of
Coxiella spp. with different ticks infesting various hosts has been
reviewed globally (Guatteo et al., 2011); therefore, in this study,
we summarized this association of Coxiella spp. with different
ticks in Asia. Nine tick species including Ha. cornupunctata, Ha.

bispinosa, Ha. montgomeryi, Ha. danieli, Hy. anatolicum, Hy.

dromedarii, R. haemaphysaloides, R. microplus, and A. persicus

infesting goats, sheep, camels, cattle, wild mice, and domestic fowls
were genetically characterized. In addition, this is the first report
regarding the molecular detection and phylogenetic positioning of
Coxiella spp. associated with ticks in Pakistan. Overall, C. burnetii,
two Coxiella endosymbionts, and five undetermined Coxiella sp.
were genetically characterized based onGroEL fragments in various
tick species.

Environmental factors such as humidity and temperature
mainly affect the distribution of ticks, TBDs, and their zoonotic
threats to human and animal health (Léger et al., 2013). Since the
current study area’s existing environmental and climatic conditions
are favorable for tick infestation and propagation of various
pathogens (Aiman et al., 2022; Ali et al., 2023), many ticks were
collected during this survey. Contrary to previous studies, Ha.
cornupunctata tick was more prevalent than other tick species such
as R. microplus and Hy. anatolicum in Pakistan (Karim et al.,
2017; Ali et al., 2019, 2021; Khan Z. et al., 2022). It may be due
to examining different hosts, such as goats, sheep, and wild mice
attributing a closed association with this species.
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FIGURE 2

Phylogenetic tree based on cox1 fragments of tick species. The sequence of Alveonasus lahorensis (KX530868) was used as an outgroup. The levels

of bootstrap support (≥60%) for phylogenetic groupings are given at each node. The obtained sequences are represented with bold and underlined

fonts.
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FIGURE 3

Phylogenetic tree based on GroEL fragments of Coxiella spp. detected in tick species. The sequence of Legionella jordanis (LR134383) was used as

an outgroup. The levels of bootstrap support (≥ 60%) for phylogenetic groupings are given at each node. The obtained sequences are represented

with bold and underlined fonts.

The age of the host is a significant factor to tick infestation.
According to previous reports, a high tick burden was recorded on
adult hosts compared with young ones (Ali et al., 2021; Kamran
et al., 2021; Khan Z. et al., 2022). Large body surfaces and free
grazing practices of adult animals make them more vulnerable due
to high tick infestation. In contrast, the robust immune system, less
grazing, and low body surface of the younger hosts contribute to
less tick infestation (Swai et al., 2005). Female hosts were highly
tick infested compared with themale hosts, which is consistent with
previous findings (Ullah et al., 2023). Higher levels of progesterone
and prolactin hormones in females make them susceptible to
tick infestation (Anderson et al., 2013; Ahmed et al., 2023). The
higher levels of progesterone and prolactin hormones may increase
the susceptibility of females to tick’s infections (Lloyd, 1983;
Ahmed et al., 2023). Additionally, in the current study, ticks were
predominantly reported in summer (June–August) compared with

other seasons because the warm and humid climatic conditions
in the region provide a suitable environment for the development
of all stages of ticks (Ali et al., 2019, 2021). The comparatively
wide host range noted for differentHaemaphysalis, Hyalomma, and
Rhipicephalus ticks may be due to frequent practices such as putting
various hosts in the same shelter and over-crowded livestock and
concurrent grazing in the survey area.

Major consequences have been revealed in the epidemiology
of Q-fever upon the molecular detection of C. burnetii DNA in
ticks collected from the environment, domestic and wild animals
(Yessinou et al., 2022). It has been observed that ticks may
transmit the Q-fever agent and pollute the environment as well
as the host’s body in Pakistan (Ullah et al., 2019). The association
between different ticks and C. burnetii and its transstadially and
transovarially transmission has been reported, suggesting the Q-
fever transmission from infected to healthy animals through blood
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meal (Gong et al., 2020). In this study, molecular detection of
Coxiella spp. varied in the aforementioned seven tick species
collected from various hosts. A high prevalence of Q-fever in
camels in this study may be attributable to the camels’ vulnerability
regarding C. burnetii infection or camel tick competence as a
reservoir for this pathogen (Gumi et al., 2013). Common reservoirs
for C. burnetii are small ruminants that may excrete a diverse
number of these bacteria in their birth byproducts (placenta).
Coxiella spp. were highly detected in ticks collected from small
ruminants (goats and sheep), and these findings agreed with the
previous serosurvey conducted in Pakistan (Ullah et al., 2019).
Coxiella sp. detected in A. persicus ticks collected from domestic
fowls suggest that different soft ticks may also be investigated as
host reservoirs for various undetermined Coxiella spp., as reported
in other studies (Trinachartvanit et al., 2018).

In the current study, phylogenetic analysis via cox1 fragments
of nine different tick species revealed a close evolutionary
relationship with the same species reported from Pakistan, China,
India, Bangladesh, and Iran, and these findings were supported by
previous studies (Ahmad et al., 2022; Alam et al., 2022; Ali et al.,
2022a; Khan S. M. et al., 2023). Phylogenetic analysis of Coxiella
spp., detected in different tick species, showed close association
with their respective species reported from the same or different
tick species and humans. This association of Coxiella spp. may
be due to the close interaction of infested animals with humans,
which enhances zoonotic infections such as Q-fever in humans. So-
far neglected surveillance of Coxiella spp. in the region demands
immediate attention to its pathogenic consequences.

Conclusion

Coxiella spp. were molecularly detected in ticks infesting
goats, sheep, camels, cattle, wild mice, and domestic fowls
and were confirmed through sequencing for the first time
in Pakistan. Further research is essential to investigate any
potential health risks due to these agents. The veterinarian
livestock holders and farm workers lack knowledge regarding the
epidemiology of Q-fever and its causative agents in Pakistan.
Livestock holders should be adequately educated regarding
Q-fever prevention and management practices because the
occurrence of this agent can lead to long-term environmental
contamination, which is a potential threat to animals and
humans. Consequently, effective measures associated with Q-fever
must be implemented, including limiting contact between herds,
quarantining newly purchased animals, and using disinfectants
that can reduce the spread of infection and possible transmission
to humans.
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Niemczuk, K., Szymańska-Czerwińska, M., Smietanka, K., and Bocian, Ł. (2014).
Comparison of diagnostic potential of serological, molecular and cell culture
methods for detection of Q fever in ruminants. Vet. Microbiol. 171, 147–152.
doi: 10.1016/j.vetmic.2014.03.015

Numan, M., Islam, N., Adnan, M., Zaman Sa, fi, S., Chitimia-Dob and ler, L.,
Labruna, M. B., et al. (2022). First genetic report of Ixodes kashmiricus and associated
Rickettsia sp. Parasi. Vectors. 15, 1–12. doi: 10.1186/s13071-022-05509-y

Nurkunasegran, M., Kho, K., Koh, F., Tan, P., Nizam, Q., Ong, B., et al. (2017).
Molecular detection of Coxiella burnetii from farm animals and ticks inMalaysia. Trop.
Biomed. 34, 675–680.

Obaid, M. K., Almutairi, M. M., Alouf, A., Sa, S. Z., Tanaka, T., and Ali, A. (2023).
Assessment of cypermethrin and amitraz resistance and molecular profiling of voltage-
gated sodium channel and octopamine tyramine genes of Rhipicephalus microplus.
Front. Cell. Infect. Microbiol. 13, 1176013. doi: 10.3389/fcimb.2023.1176013

Obaidat, M. M., Malania, L., Imnadze, P., Roess, A. A., Salman, A. E. B., and Arner,
R. J. (2019). Seroprevalence and risk factors for Coxiella burnetii in Jordan.Am. J. Trop.
Med. Hyg. 101, 40. doi: 10.4269/ajtmh.19-0049

Ozgen, E. K., Kilicoglu, Y., Yanmaz, B., Ozmen, M., Ulucan, M., Bagatir, P. S.,
et al. (2022). Molecular epidemiology of Coxiella burnetii detected in humans and
domestic ruminants in Turkey. Vet. Microbiol. 273, 109519. doi: 10.1016/j.vetmic.
2022.109519

Panth, Y., Shrestha, S., and Bastola, R. (2017). Demonstration of circulating
antibodies of Coxiella burnetii in dairy cattle of Rupandehi district, Nepal. Int. J. Inno.
Res. Multi. Field. 3, 46–49.

Patra, G., Ghosh, S., Priyanka, E.fimova, M. A., Sahara, A., Al-Awsi, G. R. L.,
Polley, S., et al. (2020). Molecular detection ofCoxiella burnetii and Borrelia burgdorferi
in ticks infesting goats in North-Eastern States of India. Int. J. Acarol. 46, 431–438.
doi: 10.1080/01647954.2020.1805000

Philip, C. B. (1948). Comments on the Name of the Q fever organism. Public Health
Rep. 63, 402. doi: 10.2307/4586402

Frontiers inMicrobiology 18 frontiersin.org99

https://doi.org/10.3389/fmicb.2023.1229950
https://doi.org/10.1128/CMR.00045-16
https://doi.org/10.5604/12321966.1196859
https://doi.org/10.1371/journal.pntd.0007181
https://doi.org/10.1080/20008686.2019.1604063
https://doi.org/10.30539/ijvm.v44i(E0).1020
https://doi.org/10.1089/vbz.2019.2589
https://doi.org/10.1016/j.vetmic.2010.10.007
https://doi.org/10.4172/2325-9590.1000109
https://doi.org/10.1093/aesa/52.3.243
https://doi.org/10.2307/3276366
https://doi.org/10.2307/3275561
https://doi.org/10.3389/fvets.2022.908479
https://doi.org/10.33899/ijvs.2017.145602
https://doi.org/10.1111/zph.12809
https://doi.org/10.1371/journal.pntd.0005681
https://doi.org/10.1111/j.1574-695X.1998.tb01159.x
https://doi.org/10.1016/j.ijfoodmicro.2020.108716
https://doi.org/10.3390/genes14020360
https://doi.org/10.3390/ani12131708
https://doi.org/10.1089/vbz.2017.2153
https://doi.org/10.1093/aesa/63.2.590
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s11250-019-02153-0
https://doi.org/10.1186/s12879-020-05130-3
https://doi.org/10.1007/s10493-012-9615-0
https://doi.org/10.1128/AEM.00021-11
https://doi.org/10.1016/0165-2427(83)90057-0
https://doi.org/10.1371/journal.pone.0250116
https://doi.org/10.1016/S1995-7645(14)60122-X
https://doi.org/10.1016/j.ttbdis.2021.101866
https://doi.org/10.1186/1471-2334-14-255
https://doi.org/10.1186/s12917-020-02538-6
https://doi.org/10.1016/j.vetmic.2014.03.015
https://doi.org/10.1186/s13071-022-05509-y
https://doi.org/10.3389/fcimb.2023.1176013
https://doi.org/10.4269/ajtmh.19-0049
https://doi.org/10.1016/j.vetmic.2022.109519
https://doi.org/10.1080/01647954.2020.1805000
https://doi.org/10.2307/4586402
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Ali et al. 10.3389/fmicb.2023.1229950

Psaroulaki, A., Hadjichristodoulou, C., Loukaides, F., Soteriades, E., Konstantinidis,
A., Papastergiou, P., et al. (2006). Epidemiological study of Q fever in humans,
ruminant animals, and ticks in Cyprus using a geographical information system. Eur.
J. Clin. Microbiol. Infect. Dis. 25, 576–586. doi: 10.1007/s10096-006-0170-7

Rahman, M., Alam, M., Islam, M., Bhuiyan, A. K., and Rahman, A. K. M. (2016).
Serological and molecular evidence of Q fever in domestic ruminants in Bangladesh.
Vet. Med. Int. 2016, 9098416. doi: 10.1155/2016/9098416

Rini, E. P., Sasaki, M., Astuti, D., Juniantito, V., Wibawan, I. W. T., Sawa, H.,
et al. (2022). First molecular detection of Coxiella burnetii in beef cattle in West Java,
Indonesia. Jpn. J. Infect. Dis. 75, 83–85. doi: 10.7883/yoken.JJID.2020.769

Rochlin, I., and Toledo, A. (2020). Emerging tick-borne pathogens of public
health importance: a mini-review. J. Med. Microbiol. 69, 781. doi: 10.1099/jmm.0.
001206

Royal, J., Riddle, M. S., Mohareb, E., Monteville, M. R., Porter, C. K., and Faix, D. J.
(2013). Seroepidemiologic survey for Coxiella burnetii among US military personnel
deployed to Southwest and Central Asia in 2005. Am. J. Trop. Med. Hyg. 89, 991.
doi: 10.4269/ajtmh.12-0174

Sahu, R., Kale, S. B., Vergis, J., Dhaka, P., Kumar, M., Choudhary, M., et al. (2018).
Apparent prevalence and risk factors associated with occurrence of Coxiella burnetii
infection in goats and humans in Chhattisgarh and Odisha, India. Comp. Immunol.
Microbiol. Infect. Dis. 60, 46–51. doi: 10.1016/j.cimid.2018.08.004

Sambrook, J., Fritsch, E. F., and Maniatis, T. E. (1989). Molecular Cloning: A
Laboratory Manual (No. Ed. 2). Cold Spring Harbor Laboratory Press, New York, NY,
United States.

Selmi, R., Said, M. B., Mamlouk, A., Yahia, H. B., and Messadi, L. (2019).
Molecular detection and genetic characterization of the potentially pathogenic
Coxiella burnetii and the endosymbiotic CandidatusMidichloria mitochondrii in ticks
infesting camels (Camelus dromedarius) from Tunisia. Microb. Pathog. 136, 103655.
doi: 10.1016/j.micpath.2019.103655

Seo, M. G., Lee, S. H., VanBik, D., Ouh, I. O., Yun, S. H., Choi, E., et al. (2016).
Detection and genotyping of Coxiella burnetii and Coxiella-like bacteria in horses in
South Korea. PLoS ONE. 11, e0156710. doi: 10.1371/journal.pone.0156710

Shabbir, M. Z., Jamil, T., Ali, A. A., Ahmad, A., Naeem, M., Chaudhary, M. H., et al.
(2015). Prevalence and distribution of soil-borne zoonotic pathogens in Lahore district
of Pakistan. Front. Microbiol. 6, 917. doi: 10.3389/fmicb.2015.00917

Siengsanan-Lamont, J., Kong, L., Heng, T., Khoeun, S., Tum, S., Selleck, P. W.,
et al. (2023). Risk mapping using serologic surveillance for selected One Health and
transboundary diseases in Cambodian goats. PLoS Negl. Trop. Dis. 17, e0011244.
doi: 10.1371/journal.pntd.0011244

Smith, T. A., Driscoll, T., Gillespie, J. J., and Raghavan, R. (2015). A Coxiella-like
endosymbiont is a potential vitamin source for the Lone Star tick. Genome Biol. Evol. 7,
831–838. doi: 10.1093/gbe/evv016

Špitalská, E., Sparagano, O., Stanko, M., Schwarzová, K., Špitalský, Z., Škultéty,
L., et al. (2018). Diversity of Coxiella-like and Francisella-like endosymbionts, and

Rickettsia spp., Coxiella burnetii as pathogens in the tick populations of Slovakia,
Central Europe. Ticks Tick Borne Dis. 9, 1207–1211. doi: 10.1016/j.ttbdis.2018.05.002

Sultankulova, K. T., Shynybekova, G. O., Issabek, A. U., Mukhami, N. N.,
Melisbek, A. M., Chervyakova, O. V., et al. (2022). The Prevalence of Pathogens
among Ticks Collected from Livestock in Kazakhstan. Pathogens. 11, 1206.
doi: 10.3390/pathogens11101206

Swai, E. S., Mbise, A. N., Kessy, V., Kaaya, E., Sanka, P., and Loomu, P. M. (2005).
Farm constraints, cattle disease perception and tick management practices in pastoral
Maasai community-Ngorongoro, Tanzania. Livest. Res. Rural. Dev. 17, 17–20. Available
online at: https://www.lrrd.cipav.org.co/lrrd17/2/swai17017.htm

Tamura, K., and Nei, M. (1993). Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in humans and chimpanzees.
Mol. Biol. Evol. 10, 512–526.
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in Mozambique
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Portugal, 2Nova School of Business and Economics, Universidade Nova de Lisboa, Carcavelos, Portugal,
3Faculdade de Ciências de Saúde, Universidade Lúrio, Nampula, Mozambique, 4Parasitology Department

of Veterinary Faculty, Universidade Eduardo Mondlane, Maputo, Mozambique, 5College of Veterinary

Medicine, South China Agricultural University, Guangzhou, Guangdong, China, 6Environmental Health

Institute, Faculdade de Medicina da Universidade de Lisboa, Lisboa, Portugal

Giardia duodenalis and Enterocytozoon bieneusi are etiological agents of enteric

diseases characterized by diarrhea that can progress to chronicity in humans,

especially in children and in immunocompromised patients. This study aims to

assess the genetic pattern of G. duodenalis and E. bieneusi detected in vegetables

and fruits commercialized in Maputo markets, Mozambique and determine their

public health importance. Eight study points were sampled: a farmer zone, a

wholesale, four retail markets, and two supermarkets in Maputo city, where eight

types of horticultural products were purchased. Using nested-PCR methods, 2.8%

(9/321) and 1.3% (4/321) of samples monitored were positive for G. duodenalis

and E. bieneusi, respectively. Based on the analysis of the β-giardin and ITS rRNA

sequences of G. duodenalis and E. bieneusi detected, respectively, four di�erent

sequences of G. duodenalis (three novel sequences: BgMZ1, BgMZ2, and BgMZ3,

and one known sequence) all from assemblage B and three genotypes of E.

bieneusi (two novel sequences: EbMZ4 and EbMZ5, and one known sequence:

KIN-1) from group 1. These microorganisms were found and characterized for the

first time in horticultural products in Maputo markets. All identified G. duodenalis

and E. bieneusi display high genetic similarity within their β-giardin and ITS rRNA

sequences, respectively, having been clustered into assemblages and genotypes

with high zoonotic transmission potential. Our study may represent a relevant

step in the understanding of these intestinal pathogens in association with fresh

vegetables and fruits for human consumption, for a better and broader “One

Health” approach.

KEYWORDS

intestinal protozoa, microsporidia, raw horticultural products, foodborne diseases,

zoonotic transmission, Maputo, One Health
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1. Introduction

Giardia duodenalis and Enterocytozoon bieneusi are etiological
agents of acute and chronic disorders including diarrhea,
malabsorption, and severe debilitation illnesses in humans
and animals, particularly in children and immunocompromised
patients (Lobo et al., 2014; Xiao and Feng, 2017; Stentiford
et al., 2019; Junaidi et al., 2020; Rafiei et al., 2020). Human
infections by the pathogens G. duodenalis and E. bieneusi may
be acquired through direct contact with infected persons (person-
to-person transmission) or animals (zoonotic transmission) or
even ingestion of contaminated water (waterborne transmission;
Baldursson and Karanis, 2011; Efstratiou et al., 2017a; Ahmed
et al., 2018) and food (foodborne transmission; Li et al., 2012;
Matos et al., 2012; Stentiford et al., 2016; Squire and Ryan, 2017;
Rodrigues et al., 2020). As G. duodenalis cysts and E. bieneusi

spores are robust and resistant to environmental conditions, some
waterborne and foodborne outbreaks mostly for human giardiasis
have been reported (Thompson et al., 2008; Ahmed et al., 2018;
Javanmard et al., 2020; Bahramian et al., 2021; Hassan et al.,
2021). Relatively less is known about the occurrence and molecular
epidemiology of these two pathogenic species in water and food
in Africa.

Giardia duodenalis has eight genetic assemblages (A-H): A, B,
C, D, E, and F can infect humans (mostly A and B) and other
animals, and assemblages C toH have a narrower host range (Yaoyu
and Xiao, 2011; Cai et al., 2021; Dixon, 2021). Enterocytozoon
bieneusi is mentioned as the most prevalent among the 17 human-
infectingmicrosporidia species (Lobo et al., 2012;Matos et al., 2012;
Stentiford et al., 2019). The genetic variability of this pathogenic
species is based on the analysis of single-nucleotide polymorphisms
(SNPs) in the internal transcribed spacer (ITS) region of the
ribosomal RNA (rRNA; Santin and Fayer, 2009; Lobo et al., 2014;
Li et al., 2019b). To date, over 600 genotypes of E. bieneusi have
been identified (Cunha et al., 2017; Chen et al., 2019; Zhang
et al., 2020; Cao et al., 2021), clustered in 11 phylogenetic groups
(Matos et al., 2012; Xiao and Feng, 2017; Cacciò et al., 2018; Cao
et al., 2021). Within Group 1, genotypes D, Ebp C, and Type
IV are those most frequently found not only in humans but also
in domestic and wild animals worldwide, suggesting a low level
of host specificity and the potential for zoonotic or cross-species
transmission. Also, Group 1 genotypes, such as Peru 6, Peru 8,
and Peru 11, have been regularly identified in both humans and
animals. Group 2 genotypes were once considered to be adapted
to ruminants but have subsequently been found in other animals
and humans. Group 3 to Group 11 genotypes seem to have a clear
and strong host specificity although few information is available
for those groups (Santin and Fayer, 2009; Wang et al., 2016; Li
et al., 2019a,b, 2020b; Wu et al., 2020a). However, the lack of
information on risk factors or epidemiology associated with its
transmission limits the full understanding and implications of E.
bieneusi’s zoonotic potential.

Several studies (Lobo et al., 2014; Li et al., 2020b; Salamandane
et al., 2021b; Mozer et al., 2022) for the molecular characterization
of G. duodenalis and E. bieneusi have been carried out, but in
Africa, studies on G. duodenalis are more abundant than studies
on E. bieneusi. More precisely, there are studies done mainly in
humans and livestock (Akinbo et al., 2012; Samra et al., 2012;

Lobo et al., 2014; Laatamna et al., 2015; Wegayehu et al., 2020). In
Mozambique, the first study on E. bieneusi genotyping was recently
carried out in young children, in which a novel subtype, HhMzEb1,
was reported (Muadica et al., 2020).

In southern Africa, some of the few studies on these
two pathogenic microorganisms were also performed in water
(Dalu et al., 2011; Mtapuri-Zinyowera et al., 2014; Archer
et al., 2020; Siwila et al., 2020). Globally, the occurrence of
protozoan parasitic contamination in vegetables and fruits ranges
from 1.9 to 9.3% (Li et al., 2019a). Thus, this study aims
to carry out the genetic characterization of G. duodenalis and
E. bieneusi detected in vegetables and fruits commercialized
in Maputo markets, Mozambique and determine their public
health importance.

2. Materials and methods

2.1. Sampling

This study was carried out in the rainy (February toMarch) and
in the dry seasons (August to October) of 2019, in eight points of
study, and according to the markets’ typology, namely, a producer
zone (Infulene Valley), one wholesale market (Zimpeto), four retail
markets (Xipamanine, Benfica, Central da Baixa, and Fajardo),
and two supermarkets (LMC and LSP) in Maputo city. In each
selected study point, we randomly purchased three specimens of
each of the eight types of raw and fresh horticultural products,
namely, coriander (Coriandrum sativum), parsley (Petroselinum
crispum), Portuguese cabbage (Brassica Oleracea costata), pointed
white cabbage (Brassica oleracea capitata), carrot (Daucus carota),
tomato (Solanum lycopersicum), green pepper (Capsicum annuum),
and lettuce (Lactuca sativa cea). The products were placed in
individual plastic bags, encoded with a unique number and the
date of collection, and transported in a container at 4◦C. Several
detaching and concentrating G. duodenalis cysts and E. bieneusi

spores protocols reported in the literature were reviewed (Monge
and Chinchilla, 1996; Cook et al., 2007; Mozer et al., 2022), and the
more consensual approach was selected for this study, taking into
account the distinct size and food matrices of the products studied
and the field work conditions.

A total of 321 samples collected (153 in the rainy season and 168
in the dry season) were transported to the laboratory for processing.
At the laboratory, we first weighed the fruits and vegetables
according to their sizes: for the large ones, we weighed 150–250 g
(lettuce, pointed white cabbage, and Portuguese cabbage), and for
the small ones, we weighed 80–100 g (coriander, parsley, carrot,
tomato, and green pepper). Then, they were washed in 200ml and
50ml of a solution of NaCl (0.85%) in distillate water, for large
and small fruits/vegetables, respectively, in a plastic bag. They were
shaken vigorously on an orbital shaker (SK-300 Lab Companion,
Woburn, Massachusetts, USA) at 150 rpm for 20min and brined
overnight. The next morning, the solution was collected in 50ml
Falcon tubes and centrifuged at 8,000 × g for 15min. Finally, 5–
8ml of the concentrated vegetable extracts was saved for DNA
extraction and direct microscopy analysis, and the remainder was
used to make smears for staining (Salamandane et al., 2021b). The
samples were stored in a cooler at 4◦C for DNA extraction.
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2.2. Molecular detection of Giardia
duodenalis and Enterocytozoon bieneusi

using nested-PCR methods

Genomic DNAwas extracted from concentrated vegetable/fruit
extracts for the molecular detection of G. duodenalis and E.

bieneusi, using the QIAamp Fast DNA Stool Mini Kit according
to the manufacturer’s instructions. The extracted DNA (100
µl/sample) was kept at−20◦C.

A nested-PCR analysis (Cacciò et al., 2002; Lalle et al., 2005)
targeting the β-giardin (bg) gene was used to detect G. duodenalis.
The primary reactions were carried out using the primers
GiaFW1 (5′-AAGCCCGACGACCTCACCCGCAGTGC-3′) and
GiaRV1 (5′-GAGGCCGCCCTGGATCTTCGAGAC GAC-3′) for
the 753-bp fragment amplification. For the secondary reactions, the
primers GiaFW2 (5′-GAACGAACGAGATCGAGGTCCG-3′) and
GiaRV2 (5′-CTCGACGAGCTTCGTGTT-3′) were used to amplify
the 511-bp fragment.

The detection of E. bieneusi was performed by nested-
PCR analysis targeting the entire internal transcribed spacer
(ITS) region of the rRNA gene, and its genotyping was
conducted by sequence analysis of amplified fragments
of the ITS rRNA gene (Lobo et al., 2012). Primary and
secondary reactions were carried out using the primers
MLLF1 (5′-CGCCCGTCACTATTTCAGAT-3′) and MLLR1
(5′-GCTTAAGTCCAGGGAGTATCCA-3′) to amplify a 514-bp
fragment, and MLLF2 (5′-AGTCGTAACAAGGTTTCAGTTGG-
3′) and MLLR2 (5′-GGACTTTTCGCATTCTTTCG−3′) to
amplify a 386-bp fragment, respectively.

Successively, the PCR products were loaded on 1.5% agarose
gel stained with ethidium bromide and subjected to electrophoresis
and finally visualized under UV light on a proper device.

2.3. Giardia duodenalis and Enterocytozoon

bieneusi sequencing and data analysis

The products of the expected size were purified using a
PureLinkTM Quick Gel Extraction and PCR Purification Combo
kit (Invitrogene, Carlsbad, Califórnia, EUA), as described on
the manufacturer’s instructions, and were submitted to Sanger
sequencing in both directions on an ABI3100 automated
sequencer (Applied Biosystem, Foster City, CA) at STABVIDA
Company (Lisbon, Portugal). Three PCR products of each
positive sample obtained from different PCRs were submitted
to DNA sequencing. The authors analyzed all three sets of
sequencing chromatograms obtained for each of the positive
samples. Next, the individual sequences were subsequently
aligned against reference sequences from the GenBank
database using the BLASTN (www.ncbi.nlm.nih.gov) and
ClustalX (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) programs to
determine G. duodenalis and E. bieneusi genetic variability.

Representative nucleotide sequences of bg and ITS genes of
G. duodenalis and E. bieneusi are available in the NCBI GenBank
database under the accession numbers ON924995, ON924996,
OP066417-OP066422, and OP076835-OP076838, respectively.

2.4. Giardia duodenalis and Enterocytozoon

bieneusi phylogenetic analysis

Phylogenetic analysis based on the β-giardin and ITS rRNA
sequences dataset of G. duodenalis and E. bieneusi, respectively,
was performed using the maximum likelihood method based on
the general time reversible model conducted in MEGA 7.

3. Results

After nested-PCR analysis, G. duodenalis and E. bieneusi

were detected in 2.8% (9/321) and 1.3% (4/321), respectively,
of the samples monitored. According to the distinct seasons, G.
duodenalis was found in three (1.96%) samples (lettuce, green
pepper, and tomato) in the rainy season and in six (3.6%)
samples (Portuguese cabbage, lettuce, parsley/2, and pointed white
cabbage/2) in the dry season. Enterocytozon bieneusi DNA was
detected in one (0.7%) sample (pointed white cabbage) in the rainy
season and in three (1.8%) samples (lettuce, tomato, and coriander)
in the dry season, among four different markets.Giardia duodenalis
was detected in products from four markets and one supermarket,
and E. bieneusi was found in products from three markets and in
products from the same supermarket as Giardia. The distribution
of G. duodenalis assemblages and E. bieneusi genotypes identified
in the horticultural products among the markets monitored, during
dry and rainy seasons, in Maputo City is summarized in Table 1.

DNA Sanger sequencing was successfully achieved for all nine
and four specimens diagnosed as positive for G. duodenalis and
E. bieneusi, respectively, using nested-PCR methods. The authors
analyzed the three sets of sequencing chromatograms obtained for
each positive sample, which were found to be consistent, indicating
the reliability of the identified new sequences. No instances of
mixed infection were identified.

Sequencing and alignment of our nine nucleotide sequences
with others of known identity deposited in the GenBank database
showed the presence of four different G. duodenalis bg sequences
all from assemblage B in the samples studied. One of them was
a known bg sequence, and three were novel bg sequences. Of the
nine sequences obtained, three (BGMZ69, BGMZ71, and BGMZ90
samples) had 100% similarity with the G. duodenalis nucleotide
sequence MK033096, one (BGMZ7) constitutes a novel sequence
(BgMZ2) and differs from the previous three by a single nucleotide
at 356 (G→ A) displaying 99.81% homology with sequence
MK033096. The remaining five sequences generated in this study
are also new G. duodenalis bg sequences and have 99% homology
with G. duodenalis nucleotide sequences previously reported: three
(BGMZ54, BGMZ60, and BGMZ64; BgMZ3) had one substitution
to isolate KY320578 at 456 (C→ T), and two (BGMZ3, BGMZ25;
BgMZ1) had three substitutions to isolate MG736246 at 99 (T→
C), at 136 (A→ G), and at 356 (G→ A).

The four E. bieneusi ITS sequences characterized in the four
positive samples obtained in this study revealed high genetic
diversity: two (EBMZ86 and EBMZ95) sequences with the genotype
KIN-1 (e.g., identified in humans and livestock, such as cattle,
pig, goat, horse, wild animals, and non-human primates), one
(EBMZ30; EbMZ4 genotype) of the sequences characterized is
a novel genotype displaying 99.71% homology with KIN-1 and
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TABLE 1 Genetic characterization of Giardia duodenalis and Enterocytozoon bieneusi by nested-PCR and DNA sequencing analysis according to

horticultural product, market, and seasons monitored in Maputo city.

Sample code Market Season Horticultural product Species Assemblage or genotype

BGM Z3 Zimpeto Rainy Lettuce G. duodenalis Ba

BGM Z7 Zimpeto Rainy Green pepper G. duodenalis Bb

BGMZ 25 Benfica Rainy Tomato G. duodenalis Ba

BGMZ 54 Zimpeto Dry Portuguese cabbage G. duodenalis Bc

BGMZ 60 Xipamanine Dry Lettuce G. duodenalis Bc

BGMZ 64 Xipamanine Dry Parsley G. duodenalis Bc

BGMZ 69 LMC Dry Pointed white cabbage G. duodenalis B

BGMZ 71 LMC Dry Parsley G. duodenalis B

BGMZ 90 Fajardo Dry Pointed white cabbage G. duodenalis B

EBMZ 30 Central da baixa Rainy Pointed white cabbage E. bieneusi EbMZ4d

EBMZ 73 LMC Dry Lettuce E. bieneusi EbMZ5e

EBMZ 86 Benfica Dry Tomato E. bieneusi KIN-1

EBMZ 95 Fajardo Dry Coriander E. bieneusi KIN-1

aBgMZ1.
bBgMZ2.
cBgMZ3: new G. duodenalis bg sequences identified in this study.
d,eNew E. bieneusi genotypes identified in this study.

Peru8 genotypes, with one substitution at 139 (T→ C) and one
substitution at 159 (C→ T), respectively. The remaining novel one
(EBMZ73; EbMZ5 genotype) had 99.44% similarity with KIN-1 and
had two substitutions at 124 (G→ A) and at 182 (G→ A).

To obtain information on the β-giardin and ITS rRNA
sequences in this study and the respective reference sequences
published in previous studies, two phylogenetic trees
were constructed.

Phylogenetic analysis revealed that the nine G. duodenalis

sequences from this study were clustered within assemblage B and
formed three genetic clusters comprising species mostly infecting
humans and several other domestic and wild mammals (Figure 1).

The two novel and the two known E. bieneusi genotypes
detected in this research were all clustered into zoonotic group 1
(Figure 2).

4. Discussion

Several pathogens are responsible for causing human diarrheal
diseases, among which G. duodenalis and the microsporidian E.

bieneusi are important contributors worldwide. Both species can
be transmitted by ingestion of contaminated food and water.
Contact and ingestion of contaminated water are considered
important risk factors related to both G. duodenalis and E.

bieneusi infection in epidemiological studies (Santin and Fayer,
2009; Li et al., 2012; Squire and Ryan, 2017; Stentiford et al.,
2019; Dixon, 2021). Either G. duodenalis cysts or microsporidian
spores are robust and can be highly resistant to external
environmental conditions and to several physical and chemical
disinfection methods used in drinking water plants, swimming
pools, and irrigation systems. Moreover, as the other human-
infecting microsporidia, E. bieneusi spores are microscopic in

size and have low specific gravity, which facilitates their easy
dissemination (Matos et al., 2012; Stentiford et al., 2019; Dixon,
2021).

Fresh vegetables and fruits, despite the health benefits of
their human consumption, can be an important source of some
foodborne pathogenic microorganisms, including G. duodenalis

and E. bieneusi (Rafael et al., 2017; Utaaker et al., 2017;
Ferreira et al., 2018; Li et al., 2019a, 2020a; Archer et al.,
2020; Salamandane et al., 2020; Siwila et al., 2020). This
study showed the occurrence of these two important human
pathogenic species and their genotypes among raw and fresh
horticultural products in different markets of different typologies
in Maputo city. Using nested-PCR techniques, 2.8 and 1.3% of
the samples monitored were positive for G. duodenalis and E.

bieneusi, respectively. Based on the bg and ITS rRNA sequences
analysis of G. duodenalis and E. bieneusi, respectively, four
different G. duodenalis sequences (three novel and one known)
all from assemblage B and three E. bieneusi genotypes (two
novel and one known) from group 1 were characterized for
the first time in fruits and vegetables from Maputo markets
in Mozambique.

Much higher prevalence rates ofG. duodenalis human infection
are observed in developing countries in comparison to the
developed regions (Dixon, 2021). The prevalence of G. duodenalis
in Africa has been reported between rates from 0.3 to 62.2%
according to the population studied (age, gender, symptoms, and
immunological status) and the methodology used (Squire and
Ryan, 2017; Damitie et al., 2018; Miambo et al., 2019; Yu et al.,
2019; Belkessa et al., 2021; Messa et al., 2021). It is estimated that
this protozoan causes about 28.2 million cases of diarrhea annually
due to the ingestion of contaminated food (Ryan et al., 2019).
Giardia duodenalis human infections are often associated with the
consumption of contaminated raw fruits and vegetables, and the
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FIGURE 1

Phylogenetic relationship between Giardia duodenalis characterized in this study and other sequences in GenBank by analysis of β-giardin

sequences. The evolutionary history was inferred by using the maximum likelihood method based on the general time reversible model. The tree

with the highest log likelihood (−1,638.69) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the

branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise

distances estimated using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. A

discrete gamma distribution was used to model evolutionary rate di�erences among sites [five categories (+G, parameter = 0.2391)]. The rate

variation model allowed for some sites to be evolutionarily invariable [[+I], 58.88% sites]. The tree is drawn to scale, with branch lengths measured in

the number of substitutions per site. The analysis involved 48 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Non-coding. All

positions containing gaps and missing data were eliminated. There were a total of 472 positions in the final dataset. Evolutionary analyses were

conducted in MEGA7. The G. duodenalis β-giardin sequences from this study are in boldface. The circles (BgMZ1), triangles (BgMZ2), and squares

(BgMZ3) filled in black indicate new bg sequences identified in this study.

occurrence of the parasite cysts in these products has been reported
in many countries with an average prevalence estimated of 4.8% (Li
et al., 2020a). The 2.8% of G. duodenalis occurrence in the samples
analyzed in our study is in accordance with the few available data
from African countries that described 0–17.8% rates of this parasite
in contaminated vegetables and fruits, reported in Morocco, Egypt,
Libya, Ghana, Ethiopia, and Nigeria (Eraky et al., 2014; Istifanus
and Panda, 2018; Kudah et al., 2018; Alemu et al., 2019; Berrouch
et al., 2020; Li et al., 2020a; Sripanompong et al., 2021), mainly
the leafy ones (Badri et al., 2022). Although the rate of incidence

for G. duodenalis has been described as 0.11 in Africa (Hald et al.,
2016), other studies mentioned the prevalence of G. duodenalis
higher in developing countries (0.9–40.7%) when compared with
developed countries (0.4–7.0%; Ryan and Cacciò, 2013; Wu et al.,
2020b; Mozer et al., 2022).

As observed for G. duodenalis, the potential zoonotic
pathogen E. bieneusi is described as a cause of symptomatic and
asymptomatic infections in humans and other animals worldwide.
There is limited information on E. bieneusi occurrence and genetic
characterization in African countries, but the reported frequency

Frontiers inMicrobiology 05 frontiersin.org105

https://doi.org/10.3389/fmicb.2023.1223151
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Salamandane et al. 10.3389/fmicb.2023.1223151

FIGURE 2

Phylogenetic relationship between Enterocytozoon bieneusi characterized in this study and other sequences in GenBank by analysis of ITS rRNA

sequences. The evolutionary history was inferred by using the maximum likelihood method based on the general time reversible model. The tree

with the highest log likelihood (−1,808.47) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the

branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise

distances estimated using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. A

discrete gamma distribution was used to model evolutionary rate di�erences among sites [five categories (+G, parameter = 1.4711)]. The rate

variation model allowed for some sites to be evolutionarily invariable [[+I], 4.58% sites]. The tree is drawn to scale, with branch lengths measured in

the number of substitutions per site. The analysis involved 47 nucleotide sequences. All positions containing gaps and missing data were eliminated.

There was a total of 215 positions in the final dataset. Evolutionary analyses were conducted in MEGA7. The E. bieneusi sequences from this study are

in boldface. The circle (EbMZ4) and triangle (EbMZ5) filled in black indicate the new genotypes identified in this study.

rates of infection can range from 0.5 to 76.9%, mostly among HIV-
infected patients, by PCR techniques (Muadica et al., 2020). More
recently, Muadica et al. detected 0.7% (9/1,247) of E. bieneusi-
positive samples in symptomatic and asymptomatic children in
Mozambique (Muadica et al., 2020). Most human infections with
E. bieneusi are thought to result from fecal-oral transmission of
infectious spores through ingestion of contaminated food or water
(Qiu et al., 2019). For instance, E. bieneusi has been identified in
milk, raspberries, beans, and lettuce (Lee, 2008; Decraene et al.,

2012), and the first foodborne outbreak caused by this species
was reported in Sweden in 2009 (Decraene et al., 2012). More
recently, a study mentioned a foodborne outbreak of E. bieneusi in
Denmark (Michlmayr et al., 2022). Thus, foodborne transmission
of E. bieneusi has been documented, and the contamination of
vegetables and fruits with this pathogen was reported in China
(PCR), Costa Rica (Ziehl-Nielsen stain), and Poland (staining or
with fluorescence in situ hybridization). The average prevalence
of the reported contamination among these studies was estimated

Frontiers inMicrobiology 06 frontiersin.org106

https://doi.org/10.3389/fmicb.2023.1223151
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Salamandane et al. 10.3389/fmicb.2023.1223151

as 3.6% (Li et al., 2020a). A lower frequency of contamination
by E. bieneusi (1.3%) was detected in the vegetables and fruits
analyzed in this study. Although this low rate may be associated
with the difficulty in recovering these tiny microsporidia spores
from the horticultural products analyzed, limiting their molecular
detection, this finding may also constitute a positive indicator of
safer products commercialized in thesemarkets compared to others
from different regions.

The presence of G. duodenalis was observed in fresh vegetables
purchased in four municipal markets and E. bieneusi in fresh
vegetables purchased in three markets and one supermarket.
The higher occurrence of these pathogenic species in the main
markets (open-air markets with limited or even absent proper
sanitary conditions) than in the supermarkets monitored was
expected and is certainly associated with their specific structural
and environmental characteristics, which contribute to the
contamination of food products in those former markets. However,
in the other markets of different typologies surveyed, namely, in
Central da Baixa market (a covered, well-structured market) and
especially in the supermarket that have all the guaranteed resources,
availability of water, market stalls and toilets, transport, handling
and display of products for their safety, the produce contamination
by one or both pathogenic species observed were not expected. The
vegetables and fruits handled during preparation for display in the
supermarket or even by the consumer can be one of the factors
for the contamination that we observed (Salamandane et al., 2020,
2021b).

Both pathogens were mostly found in leafy vegetables (lettuce,
point white cabbage, and parsley). Usually, high contamination
rates of lettuce and other types of leafy vegetables (cabbage, parsley,
and coriander) are also reported by other authors due to the uneven
external surface of their leaves, which enables the easy entry and
adherence of the G. duodenalis and E. bieneusi resistant forms
(Rodrigues et al., 2020; Salamandane et al., 2020, 2021b; Badri et al.,
2022).

In reports of contaminated vegetables and fruit worldwide,
among the eight genetically distinct G. duodenalis assemblages (A–
H) described to date, the zoonotic assemblages A and B were
commonly detected (Li et al., 2020a). A few Giardia genotyping
studies have been carried out in Africa; however, available reports
show that five G. duodenalis assemblages (A, B, C, E, and F)
have been identified in humans (Cai et al., 2021). In African
countries, assemblage B was the most frequent among genotyped
samples (19.5–100%) in 18 of 28 human population studies with
assemblage A dominant (1.4–100%) in the remaining 10 reports
(Cai et al., 2021). Recently, a study performed in Mozambique
(Messa et al., 2021), in children aged under 5 years, reported a
very low prevalence for assemblage A (10%) when compared with
assemblage B (90%), following the normal tendency in sub-Saharan
Africa. β-giardin sequence analysis from all nine G. duodenalis

sequences identified in this study belong exclusively to assemblage
B. Within the assemblage B sequences, four distinct bg sequences
were formed: bg one sequence is an identical bg sequence to one
previously reported; and the other three (BgMZ1, BgMZ2, and
BgMZ3) display 99% of similarity to other bg sequences deposited
in the reference database. The four different bg sequences identified
were very similar with a mild difference between them and were

relative to the reference sequences only from one to three single-
nucleotide polymorphisms (SNP). Phylogenetic analysis of all nine
G. duodenalis isolates, from the vegetables and fruits included
in this study, indicates that all of them clustered closer to other
sequences (Figure 1) previously detected in humans, other animals,
and water, corroborating their potential role as a source of human
infection and environmental contamination. In this study, the
observed heterogeneity of assemblage B among G. duodenalis

bg sequences was somewhat expected. This assemblage typically
exhibits more genetic variability than assemblage A, as reported in
the literature (Cai et al., 2021).

Genotyping tools and the phylogenetic analysis of E. bieneusi
genotypes inferred by the genetic diversity of their ITS rRNA
region recognized 11 genetic groups (Groups 1–11), figuring out
their host specificity and zoonotic potential. Molecular studies
on E. bieneusi worldwide stated that the occurrence of genotypes
from Groups 1 (D, EbpC, and Type IV) and 2 (BEB4, BEB6,
I, and J) are the most commonly identified (Li et al., 2019b,
2020b; Rahimi et al., 2021), where pigs and cattle are the main
zoonotic reservoir of E. bieneusi (Li et al., 2019b; Zang et al.,
2021). Despite the few studies on E. bieneusi in vegetables and
water, some authors reported that D, BEB6, and E genotypes
are the most frequent and with high zoonotic potential. In fact,
the D genotype was identified also in chicken, water, humans,
and vegetables (Javanmard et al., 2018; Cao et al., 2020; Rahimi
et al., 2021). In Africa, molecular characterization remains rare
and connected with livestock or clinical environments, performed
only in a few countries such as Algeria, Ethiopia, Nigeria, South
Africa, and recently in Mozambique (Akinbo et al., 2012; Samra
et al., 2012; Laatamna et al., 2015; Stentiford et al., 2019; Muadica
et al., 2020; Wegayehu et al., 2020). In another study working with
stool specimens (Muadica et al., 2020), some known genotypes
(Peru 11, Type IV and S2) were identified and described a new one
HhMzEb1 (fromGroup 1) inMozambique. None of the studies was
associated with food or water or horticultural products. Nucleotide
sequence analysis of the ITS region revealed a high degree of genetic
diversity with a total of three distinct genotypes including one
known (KIN-1) and two novel (EbMZ4 and EbMZ5) genotypes
in the four E. bieneusi sequences obtained from the horticultural
products monitored in this study. Phylogenetic analysis showed
that both the known and the novel genotypes clustered within the
previously designated zoonotic Group 1 include genotypes with
low host specificity and the potential for zoonotic and cross-species
transmission (Figure 2). All the genotypes identified in this study
clustered very closer with other genotypes (e.g., D, Ebp C; Figure 2)
that display a high zoonotic transmission potential (Li et al., 2020b).

The contamination of fresh horticultural products with the
infectious stages of parasites may occur at any of the distinct
points from the farm level to the food handler/consumer level.
At the farm level, the contamination of fresh vegetables and fruits
may occur during production, harvesting, packaging, transport, or
selling. Contamination with Giardia cysts and E. bieneusi spores
can occur directly from the hands of infected farm workers (or
their equipment) or those who are in close contact with infected
individuals; through the use of animal or human feces as manure
for farmland; or direct access to infected cattle and other animals
to crops. Indirect contamination of horticultural products at the

Frontiers inMicrobiology 07 frontiersin.org107

https://doi.org/10.3389/fmicb.2023.1223151
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Salamandane et al. 10.3389/fmicb.2023.1223151

production zone can occur by using irrigation water contaminated
with feces; mixing pesticides; or washing horticultural products,
hands, or equipment (Dixon, 2021). The direct contamination of
fresh produce by infected food handlers, or who have been in close
contact with infected persons, is probably a main contributor and
has been identified as the direct cause of a number of outbreaks
(Dixon, 2021). Although, in this study, G. duodenalis and E.

bieneusi were not detected in the production zone (Infulene Valley)
by the molecular techniques, it does not mean for sure that the
products were not contaminated at this point. For instance, G.
duodenalis, like other intestinal parasites, were detected in this zone
by the authors (Salamandane et al., 2021b), in a previous study
with microscopic methods. In this study, different G. duodenalis
bg sequences from assemblage B, as well as similar E. bieneusi

genotypes or G. duodenalis assemblage B, were detected in the
same market/supermarket. Also, similar E. bieneusi genotypes/G.
duodenalis bg sequences from assemblage B were identified in
distinct markets (Table 1). All this reflection leads us to think that
the possible contamination of horticultural products in markets
and supermarkets in our study may have a similar origin, which
is in agreement with other authors who report that post-harvest
contamination can occur mainly during packaging, transport, and
handling of the products (Vizon et al., 2019; Salamandane et al.,
2021a).

The recognition of these intestinal pathogens in fresh
vegetables and fruits not only allows this study to be framed
within the strict scope of zoonotic diseases, helping to clarify
the epidemiology of G. duodenalis and E. bieneusi in the
country but also opens doors to other dimensions. There is
a particular emphasis on the environmental dimension and
its role in global homeostasis, as advocated in the context of
the One Health approach. In addition to alerting to the risk
for human consumption of these products, directly improving
health population outcomes, this study suggests the existence of
contamination at an environmental level. Such contamination
may occur through animals and wastewater polluted with human
and animal waste during various processes of production,
transport, and sale of these products. Therefore, our findings
indirectly reinforce the need to develop better epidemiological
surveillance systems for enteric pathogens in the area and to adopt
measures such as improving sanitary conditions and ensuring
safe water and food to prevent and control these diseases. These
measures will bring benefits to the health of people, animals,
and ecosystems.

5. Strengths and limitations of the
study

Our research, to the best of our knowledge, represents
a groundbreaking study on the detection of G. duodenalis

and E. bieneusi, as well as the assessment of their genetic
heterogeneity. We isolated these organisms from raw horticultural
products obtained from eight different types of markets in
Maputo, Mozambique. Additionally, this study included
a significant number of horticultural products with two
different food matrices (leafy vegetables and fruits) that were
randomly purchased in triplicate from the most popular and

frequently visited markets in Maputo city, during the two
main seasons of the year. By employing molecular tools, we
not only demonstrated the presence of potential zoonotic
assemblages/genotypes of G. duodenalis and E. bieneusi

among the fresh fruits and vegetables examined but also
highlighted the usefulness of these tools in tracing the sources of
food contamination.

However, our study has certain limitations associated with
the methodology we adopted, particularly the protocols used for
recovering cysts/spores from horticultural product extracts and
the molecular tools employed. These limitations are primarily
due to the unavailability of certain technical resources, such
as a fluorescent microscope, and the constraints of working
in the field. The only standardized method currently available
for detecting intestinal protist parasites in food matrices is ISO
18744:2016, which was developed and optimized for the detection
and enumeration of Cryptosporidium and Giardia in fresh leafy
green vegetables and berry fruits. However, this method is neither
suitable for routine analysis or monitoring in a hazard analysis
plan and critical control points (Chalmers et al., 2020) nor does
it enable the determination of species or genotypes (Efstratiou
et al., 2017b). Therefore, to overcome this limitation, we reviewed
several protocols described in the literature for detaching and
concentrating the transmissive stages of intestinal pathogens
from vegetable matrices. Then, we selected the most widely
accepted approach, considering the specific size and food matrices
of the products studied and the conditions under which the
fieldwork was conducted. Additionally, it is important to mention
that the concentration and purification processes for the main
protist transmissive stages recommend conducting initial spiking
experiments with known amounts of (oo)cysts/spores to evaluate
the median percentage recovery of the chosen method. However,
this study was unable to perform such a procedure, and as a result,
the recovery rates of these methodologies were not estimated. This
strongly suggests that the reported PCR-positive rate here is likely
an underestimate of the true rate. Furthermore, due to limitations
in resources and technical conditions, it was not possible to perform
a multilocus sequence genotyping of G. duodenalis. If a multi-copy
marker, such as the SSU rRNA gene, had been selected, it would
have increased the sensitivity of detecting parasite cysts in vegetable
product extracts. Instead, we utilized the bg locus, which is a single-
copy gene but strikes a balance between very specific detection
and genetic discrimination. While these methodology choices were
made based on the available resources and technical conditions
in the field, certainly, they may have led to an underestimation
of both the positivity rate for Giardia and E. bieneusi reported in
this study.

Even though it was not within the scope of this study,
the absence of available technical conditions represents another
limitation. Specifically, we were unable to conduct viability and
infectivity assays on the transmissive stages of the detected protists
in the horticultural products. Consequently, by solely focusing on
the detection and genotyping of these microorganisms without
assessing their viability and infectivity, the true impact of these
agents on public health may have been underestimated. However, it
is important to note that the transmissive stages of these important
pathogens were found in raw products that had not undergone
any cooking or freezing processes prior to ingestion by humans
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or other animals. Considering the high resistance of cysts and
spores to adverse environmental conditions, as well as the endemic
nature of both microorganisms in the country, these findings
undoubtedly suggest concerns regarding public health and warrant
further investigation in future studies.

6. Conclusion

To the best of our knowledge, this study presents the
first data on the detection and genetic characterization of
the pathogenic G. duodenalis and E. bieneusi in horticultural
products collected in dry and rainy seasons from different
typology markets in Maputo city, Mozambique. In addition, this
study suggests the presence of potential zoonotic assemblages
or genotypes of these two important pathogens in vegetables
and fruits, commercialized in the markets most used by the
population of the city and therefore can be a source of
human infection by gastrointestinal parasitic pathogens. Another
major concern is the fact that many people tend to consume
these horticultural products raw, in salads, and other typical
street food available in markets and/or nearby. Although no
viability or infectivity assays were conducted to assess the
actual impact of these protists on public health, this study
suggests a risk associated with consuming raw horticultural
products contaminated with these pathogenic intestinal species.
It emphasizes the importance of implementing improved safety
practices throughout the production, transport, and handling
of these products. These measures should be adopted by
producers, vendors, and consumers to minimize the potential for
foodborne outbreaks.
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Background: Goats are natural hosts of tuberculosis (TB) and are a valid animal

model to test new vaccines and treatments to control this disease. In this study,

a new experimental model of TB in goats based on the intranasal nebulization of

Mycobacterium capraewas assessed in comparison with the endobronchial route

of infection.

Methods: Fourteen animals were divided into two groups of seven and challenged

through the endobronchial (EB) and intranasal (IN) routes, respectively. Clinical

signs, rectal temperature, body weight, and immunological responses from

blood samples were followed up throughout the experiment. All goats were

euthanized at 9 weeks post-challenge. Gross pathological examination, analysis

of lung lesions using computed tomography, and bacterial load quantification in

pulmonary lymph nodes (LNs) by qPCR were carried out.

Results: The IN-challenged group showed a slower progression of the infection:

delayed clinical signs (body weight gain reduction, peak of temperature, and

apparition of other TB signs) and delayed immunological responses (IFN-γ peak

response and seroconversion). At the end of the experiment, the IN group also

showed significantly lower severity and dissemination of lung lesions, lower

mycobacterial DNA load and volume of lesions in pulmonary LN, and higher

involvement of the nasopharyngeal cavity and volume of the lesions in the

retropharyngeal LN.

Conclusion: The results indicated that the IN challenge with M. caprae induced

pathological features of natural TB in the lungs, respiratory LN, and extrapulmonary

organs but extremely exaggerating the nasopharyngeal TB pathological features.

On the other hand, the EB route oversized and accelerated the pulmonary TB

lesion progression. Our results highlight the need to refine the inoculation routes

in the interest of faithfully reproducing the natural TB infection when evaluating

new vaccines or treatments against the disease.

KEYWORDS

tuberculosis, Mycobacterium caprae, goat, experimental infection, intranasal,

endobronchial
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1. Introduction

Tuberculosis (TB) is an infectious disease caused by
mycobacteria belonging to the Mycobacterium tuberculosis

complex (MTBC) that affects humans and a wide range of
domestic animals and wildlife. TB in domestic goats is mainly
caused byMycobacterium caprae, a member of the MTBC (Aranaz
et al., 2003). The disease has an economic impact resulting from
production losses (Seva et al., 2002; Daniel et al., 2009), and
infected goats pose a risk of infection to other animal species
(Napp et al., 2013; Cano-Terriza et al., 2018; Vidal et al., 2018) and
humans (Rodríguez et al., 2011).

TB in goats is usually transmitted through the aerogenous
route, and it is common to find lesions mainly in the respiratory
tract (Domingo et al., 2014). Goats develop caseous-necrotizing
cavitary lesions similar to those observed in human TB (Pérez de
Val et al., 2011; Sanchez et al., 2011), whereas these lesions are
rarely developed in cattle (Buddle et al., 2016). Different approaches
exist to control livestock TB, and the test and slaughter strategy is
the most widely implemented, particularly in cattle. Vaccination
against TB could be considered as an alternative approach.
However, cattle vaccination against TB is currently forbidden in
the EU (Council Directive 78/52/EEC) due to interference with
currently used TB diagnostic tools. The goat model of TB has
proven to be a suitable one to study new TB vaccines for ruminants
and humans and for a better understanding of the pathogenesis of
the disease (Ramirez et al., 2003; Pérez de Val et al., 2011, 2013;
Wedlich et al., 2022).

In the different TB studies using the goat model, the infection
has typically been carried out through the endobronchial route
(Pérez de Val et al., 2011, 2012, 2013; Arrieta-Villegas et al.,
2018, 2020; Melgarejo et al., 2022), intratracheal aerosolization
(Gonzalez-Juarrero et al., 2013), and transthoracic injection (Bezos
et al., 2010, 2015), all of them inducing primarily pulmonary TB
lesions. In particular, the endobronchial approach allows for an
accelerated progression of pulmonary TB, which is positive in
terms of reducing the duration of the experiments. However, if
the infectious dose is not well-adjusted, exaggeratedly large lung
lesions may be produced. These large lesions do not only differ
from the common natural presentation of the disease but also
might preclude a proper evaluation of the vaccine effect (Arrieta-
Villegas et al., 2020). A completely different experimental approach
is the “natural” infection by long-term direct-contact exposure of
experimental goats with infected animals in controlled conditions
(Bezos et al., 2017; Roy et al., 2018, 2019). The advantage of
this approach is that it induces all the natural features of the
infection, but other aspects such as infection dose or infection
time point remain uncontrolled, and it dramatically increases
the duration of the experiment. Nowadays, in vitro/ex vivo and
in silico experimental models are being developed to replace or
reduce animal models in preclinical studies of vaccine candidates
against TB (Tanner et al., 2016; Català et al., 2020). However, the
optimization of these approaches requires a comparison to well-
characterized animal models that can be used as “gold standard”.
Altogether, an accurate standardization of a goat model of TB is
critical to predicting the efficacy of new vaccine candidates. This
study aimed to evaluate and characterize the experimental infection

of goats with M. caprae by intranasal nebulization in comparison
with the endobronchial route. The rationale was to use a more
natural access path of mycobacteria to the respiratory tract than the
endobronchial route to reproduce more precisely the spectrum of
lesions of goat TB found in field cases.

2. Materials and methods

2.1. Animals and experimental infections

Fourteen 3–4 months old female Pyrenean goats, from an
officially tuberculosis-free herd, located in the Catalan Pyrenees
(Spain), were chosen for this study. Experimental animals were
transferred to the IRTA-CReSA Biosafety Level 3 (BSL-3) facility
(Catalonia, Spain), where they were weighted and randomly
divided into two experimental groups of seven animals each,
challenged by the endobronchial (EB) and intranasal (IN) routes,
respectively. According to body weights, corrections to ensure
homogenous distribution between the groups were applied, and
then, the animals were housed in two experimental boxes with
animals 4–3 and 3–4 from the EB and IN groups in each box,
respectively. The animals were fed hay, alfalfa, feed, and mineral
salt and had access to water ad libitum throughout the experiment.

After 1 week of acclimatization, the animals were sedated
intramuscularly with acepromazine maleate (0.05 mg/kg) and
butorphanol (0.2 mg/kg) and subsequently anesthetized with
intravenous administration of propofol (5 mg/kg) and midazolam
(0.2 mg/kg). Afterward, the animals were challenged with 0.5ml of
a M. caprae field strain (Balseiro et al., 2017) at a suspension of 2
× 103 CFU/ml. Animals of the EB group were challenged through
the endobronchial route as previously described (Pérez de Val et al.,
2011).

The animals of the IN groupwere challenged by using a syringe-
adapted device for atomized spraying (MADgic R©, Wolfe Tory
Medical, Inc., Salt Lake City, USA). This device consists of a flexible
cannula measuring 21.6 cm in length and 4.82mm in width with a
nebulizer located at its end that generates droplets of 30–100µm
in diameter, according to the manufacturer’s instructions. The
cannula was inserted into the nasal cavity ∼10–15 cm depending
on the size of the animal. Each side of the nasal cavity received
0.5ml of the same M. caprae strain at a suspension of 103 CFU/ml
without anesthesia.

After the challenge, all animals were dailymonitored for clinical
signs by a veterinarian to assess whether any of the animals reached
the endpoint criteria. The clinical evaluation included 0–3 scoring
of each of the following five parameters: body condition, mental
state/behavior, weight loss, fever, and the presence of respiratory
signs (0: absence of respiratory signs; 1: mild dyspnea and/or
occasional cough; 2: moderate dyspnea and continued coughing;
and 3: marked dyspnea, continued coughing, and/or severe nasal
discharge). Any global score higher than 11 and/or the presence of
qualitative criteria such as prostration, lack of movement, or severe
respiratory distress resulted in euthanasia. Rectal temperature
and body weight were measured each week. Heparinized blood
samples were collected at weeks 0 (before challenge), 3, 5, 7, and
9 (endpoint) for immunological assays.
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2.2. Ethics statement

All the procedures with experimental animals carried out
during the study were approved by the Animal Welfare Committee
of the Generalitat de Catalunya (Project Ref. #10794), in
accordance with the European Union legislation for the protection
of experimental animals (86/609/CEE, 91/628/EEC, 92/65/EEC,
and 90/425/EEC).

2.3. Antigens and reagents

M. bovis tuberculin (PPD-B, 2,500 IU/ml) was obtained from
CZ vaccines (Porriño, Spain). The specific recombinant antigens of
MTBC ESAT-6, CFP-10, and MPB83 were obtained from Lionex
(Braunschweig, Germany) at a concentration of 500µg/ml each.
ESAT-6 and CFP-10 were mixed 1:1 in an antigenic (E/C) cocktail.
The P22 antigenic complex was produced by immunopurification
of PPD-B (CZ vaccines) as described previously (Infantes-Lorenzo
et al., 2017) and was supplied by the Carlos III Research Institute

(Madrid, Spain) at a concentration of 500 µg/ml.

2.4. Whole blood IFN-γ release assay

Approximately 10ml of whole blood was collected at
the abovementioned time points from the jugular vein using
heparinized tubes. Blood samples were maintained at room
temperature for <1 h when they were stimulated in 96-well cell
culture plates (Eppendorf, Hamburg, Germany) with PPD-B, P22
(except at week 7), and E/C at a final concentration of 20µg/ml
each. Phosphate-buffered saline was used as an unstimulated
control. The samples were incubated at 37◦C and 5% CO2 for 18
± 2 h. Plasma supernatants were collected after centrifugation at
18 g for 10min, and the released IFN-γ was measured by ELISA
(ID Screen R© Ruminant IFN-g kit, ID.vet, Grabels, France). Optical
densities of the ELISA plates were read at 450 nm (OD450nm) using
a spectrophotometer (Biotek Power Wave XS R©, Agilent, Santa
Clara, USA). Antigen-specific IFN-γ responses were calculated as
OD450nm of the antigen-stimulated well minus OD450nm of the
unstimulated well (1OD450 nm).

2.5. Antibody detection assays

Plasma samples from all experimental animals were analyzed
in duplicate to follow antibody responses against MTBC after the
challenge. Indirect ELISAs were used to detect total IgG against
MPB83 antigen and P22 antigenic complex, respectively. The two
ELISAs were performed as previously described (Pérez de Val
et al., 2017; Infantes-Lorenzo et al., 2019). MPB83-IgG levels were
calculated as OD450nm of the antigen-coated well minusOD450nm of
the uncoated well (1OD450nm). A sample was considered positive
when 1OD450nm ≥ 0.05. P22-IgG levels were calculated as a
percentage of ELISA (E%)= [mean OD450nm of the antigen-coated
well/(2 × mean negative control OD450nm)] × 100. A sample was
considered negative when E% ≤ 100%, non-conclusive when E%

was between 110 and 150%, and positive (seroconversion) when E%
≥ 150%.

2.6. Necropsy, pathological examination,
and computed tomography

At week 9 post-challenge, all goats were sedated
intramuscularly by an injection of acepromazine maleate (0.1
mg/kg) and butorphanol (0.2 mg/kg) and subsequently euthanized
with an intravenous overdose of sodium pentobarbital. At
necropsy, the size of TB-compatible lesions in the retropharyngeal
(right and left), mediastinal (cranial and caudal), and
tracheobronchial (LN) lymph nodes was measured, and the
volume of lesions was inferred using the volume formula of the
most similar 3D-geometrical morphology (including sphere,
cylinder, or prism), as previously described (Balseiro et al.,
2017). Other visible lesions in extrapulmonary tissues were also
recorded and fixed in 10% buffered formalin to be confirmed by
histopathology and Ziehl–Neelsen staining to detect acid-resistant
bacilli. The lungs were fixed by airway instillation followed by
immersion in formalin, as previously described (Pérez de Val
et al., 2011), and then scanned by computed tomography (CT)
using a 16-slice multidetector scanner (Brivo CT-385, General
Electric Healthcare, Madrid, Spain). CT analysis was performed
as previously described (Balseiro et al., 2017). In brief, total
volumes of the lungs and TB lesions were measured using
volume representation images with different density patterns (i.e.,
solid, mineralized, and cavitary lesions), and the total volume of
mineralization was calculated using 100–300 Hounsfield units.

2.7. Quantification of bacterial DNA

After macroscopic pathological evaluation, mediastinal and
tracheobronchial LNs were collected and stored at −20◦C until
they were processed for bacteriology. The whole LNs were then
thawed and homogenized in 10ml of sterile-distilled water using
a homogenizer (Masticator, IUL Instruments, Barcelona, Spain).
An aliquot of 1ml of each homogenate was inactivated at 75◦C
for 1 h for bacterial DNA quantification. In parallel, an aliquot of
100ml of the master seed of M. caprae (∼108 CFU/ml), used for the
challenged inoculum, was inactivated and then diluted in eight 10-
fold dilutions to establish the standard curve. DNA samples were
extracted using an ID GeneTM spin universal extraction kit (ID.vet)
and amplified with the Mycobacterium tuberculosis complex
duplex kit (ID.vet), following the manufacturer’s instructions.
The amplification was performed in a 7500 fast real-time PCR
system (Applied Biosystems, Waltham, MA, USA). The genomic
equivalents of CFU were calculated as previously described (Vidal
et al., 2022).

2.8. Data analysis

A completely randomized design was performed to compare
the effects of M. caprae infection (primary factor) by the EB and
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IN routes. First, all data distributions were analyzed by using
the Shapiro–Wilk normality test. Temperature and body weight
were compared using a unidirectional unpaired t-test. Antigen-
specific immune responses (measured by IGRA, IgG-ELISA), lesion
volumes, and mycobacterial DNA load were compared using the
non-parametricMann–Whitney test. GraphPad Prism version 8.0.0
(San Diego, CA, USA) was used for statistical analyses.

3. Results

3.1. Endobronchial challenge induced
earlier and stronger immune responses

Mean antigen-specific IFN-γ responses in whole blood before
and after the challenge for each treatment group are presented in
Figure 1. An increase in IFN-γ-specific responses to PPD-B, P22,
and E/C antigens was detected in both groups after the challenge
(week 0, Figures 1A–C). Animals of the EB group showed a peak-
up response of IFN-γ to the three antigens at weeks 3 and 5, which
was significantly higher than in animals of the IN group (P < 0.01;
except P < 0.05 for PPD-B at week 5). IFN-γ-specific responses
in intranasally challenged animals increased progressively over
weeks, while IFN-γ levels elicited after the endobronchial challenge
decreased at the end of the experiment when responses in both
groups tended to converge (no significant differences at weeks 7
and 9).

IgG levels to theMPB83 antigen and the P22 antigenic complex,
as well as individual seroconversion, were studied using two ELISAs
throughout the study (Figure 2). Endobronchial challenge induced
an early increase in MPB83 IgG-specific responses (a peak-up
response at weeks 5 and 7), and all EB animals seroconverted at
week 5 p.c. On the contrary, only amild response was detected in IN
animals, seroconversion was not detected in 2 of them throughout
the experiment, and the other five animals seroconverted between
weeks 5 and 9 (Figure 2A). In comparison with MPB83, IgG
responses to P22 were more progressive in the EB group, reaching
a peak at the end of the experiment (week 9), but seroconversion
was detected in six of seven animals. IgG responses to P22
were practically undetectable in the IN group throughout the
experiment, and only one animal showed a clear seroconversion
(Figure 2B).

3.2. Disease-related clinical signs appeared
later in intranasally challenged goats

Rectal temperature, body weight, and clinical signs of TB were
weekly recorded throughout the experiment (Figure 3).

In the EB group, a peak of mean rectal temperature was
observed between weeks 2 and 4 p.c., being statistically significantly
higher compared with the IN group (P < 0.01, weeks 2 and 4; P <

0.05, week 3; Figure 3A). A mild peak was also observed in the IN
group between weeks 5 and 7, although still remained slightly lower
than the EB group, and decreased at week 8 to be significantly lower
than the EB group again (P < 0.05).

The mean body weight gain was greater in the IN group
compared with the EB group since week 4, being statistically

significant at week 5 (P < 0.05, Figure 3B), although a stagnation
in body weight increase was observed from week 5 onward. In
contrast, animals belonging to the EB group showed amild increase
in mean body weight from week 6 to the end of the experiment,
where the difference in mean cumulative weight gain (1Kg, Kg at
weeks 9–0) between the IN and EB groups was minimal (4.2 ± 3.3
95% CI and 3.5± 2.9 95%CI, respectively).

The presence or absence of clinical signs, other than weight
loss or fever, compatible with TB was recorded in all challenged
animals until the end point of the experiment (Figure 3C). The
observed signs included cough, dyspnea, eye discharge, enlarged
lymph nodes, runny nose, and anorexia. An animal of the EB group
showed clinical signs at week 1, 4 at week 2, and 6 from week 3 to
the endpoint, whereas a 2-week delay in the onset of clinical signs
was observed in the IN group: 1, 4, and 6 animals at weeks 3, 4, and
from 5 to the endpoint, respectively (Figure 3C). The proportion of
animals with clinical signs was significantly higher in the EB group
at weeks 2 (P < 0.01), 3 (P < 0.01), and 4 (P < 0.05) compared
with the IN group. All experimental animals showed clinical signs
at weeks 8 and 9.

3.3. Endobronchially challenged animals
showed more severe lung lesions

All goats showed TB lesions at necropsy. Lung lesions were
quantitatively assessed by CT. All animals challenged by the EB
route (7/7) had lung lesions, while only 4/7 animals of the IN group
presented lung lesions, and the severity and dissemination of these
lesions were very much lower compared with those found in the
EB group. Figure 4 shows the extension of lung TB granulomas
expressed as the volume of lung lesions, the intrapulmonary spread
of TB lesions expressed as the number of affected lung lobes, and
the degree of development of lung TB lesions expressed as the
volume ratio between mineralization and lesion of each group. The
EB group showed a significantly larger median volume of lung
lesions compared with the IN group (P < 0.001, Figure 4A). In
addition, the EB group showed a higher number of affected lobes
compared with the IN group (P < 0.01, Figure 4B). Five out of
seven EB animals showed TB lesions in all seven pulmonary lobes,
while only one IN animal showed lesions in six pulmonary lobes.
The EB group also showed a significantly greater median volume of
lung mineralization (18.36 cm3, 95% CI: 2. 634–84.53, P < 0.001)
compared with the IN group (0 cm3, 95% CI: 0–0.72), as well as
higher median proportion of mineralization of lung lesions (P <

0.01; Figure 4C) indicative of a faster progression of pulmonary
TB infection.

3.4. Intranasal challenge caused more
severe lesions in the head but less
generalized TB forms

All intranasally challenged animals showed lesions in
retropharyngeal (RF) LNs, while these lesions were only detected
in 2/7 animals of the EB group, and the median volume of lesions
in the RF LNs was significantly higher in the IN group compared
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FIGURE 1

Whole blood IFN-γ responses before and after challenge: the graph shows the IFN-γ levels measured by ELISA. The results are expressed as

1OD450mn ± 95% CI. (A) Response against bovine tuberculin (PPD-B). (B) Response to the P22 complex. (C) Response against E/C antigen cocktail.

*P < 0.05, **P < 0.01, Mann–Whitney test. Groups: Endobronchial (n = 7, green) and Intranasal (n = 7, orange). Two animals of the endobronchial

group were humanely sacrificed at week 7 and one animal of the group Intranasal.

FIGURE 2

Antibody responses before and after the challenge. The figure shows the mean levels of IgG against MPB83 and P22 antigens measured by ELISA

throughout the study. (A) MPB83-ELISA results are expressed as 1OD450mn ± 95% CI. A sample was considered positive when 1OD450nm ≥ 0.05.

(B) P22-ELISA results are expressed as E%. E% = [mean OD450nm of the antigen-coated well/(2 × mean negative control OD450nm)] × 100. A

sample is considered negative when it is ≤100%, inconclusive between 110 and 150% and seroconverted when the percentage is ≥150%. The dashed

horizontal line shows the cuto� point for positivity. *P < 0.05, **P < 0.01, ***P < 0.001. Mann–Whitney test. The table indicates the numbers of

animals and their seroconversion status: negative/inconclusive/positive. Groups: endobronchial (EB, N = 7, aN = 5 at W9) and intranasal (IN, N = 7,
bN = 6 at W9).

with the EB group (P < 0.01, Figure 5C). In contrast, only 3/7
animals that received the IN challenge developed TB lesions in
pulmonary LNs, whereas these lesions were macroscopically found
in all EB-challenged ones. The median volume of TB lesions in
pulmonary LN was significantly higher in the EB group compared
with the IN group (P < 0.001, Figure 5A), and the bacterial
DNA load in pulmonary LNs, estimated as CFU equivalents by
qPCR, was also significantly higher in the EB group (P < 0.05,
Figure 5B).

All extrapulmonary lesions macroscopically compatible with
TB were confirmed as such by histopathological examination. In
general, the IN group presented major affectation of the head,
whereas more severe TB-compatible lesions in the thoracic and
abdominal cavities were found in the EB group. Four out of
seven animals of the IN group had an intense granulomatous
inflammatory infiltrate in the nasal cavity (see Figures 6E, F),
and the three animals had lesions in the retropharyngeal and/or
submandibular lymph nodes.
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FIGURE 3

Rectal temperature, body weight, and clinical signs post-challenge. (A) The weekly mean rectal temperature of each group expressed in ◦C ± 95% CI.

(B) Weekly mean cumulative body weight increases of each group expressed in 1Kg (Kg at each week post-challenge minus Kg at week 0) ± 95% CI.

(C) The percentage of animals with the presence of TB-related clinical signs in each group. The clinical signs observed were cough, dyspnea, eye

discharge, enlarged lymph nodes, nasal discharge, and anorexia (the groups were compared using the chi-square test). Groups: endobronchial

(green, N = 7; N = 5 at weeks 8 and 9) intranasal (orange, N = 7; N = 6 at weeks 8 and 9). Body temperature and weight were compared using the

one-way unpaired t-test. *P < 0.05, **P < 0.01.

FIGURE 4

Lung pathological findings in endobronchially (EB) and intranasally (IN) M. caprae-challenged goats. (A) Volumes of lung TB lesions expressed in cm3

measured by computed tomography (CT) scan. (B) Number of lung lobes with TB lesions. (C) The ratio between the volume of mineralization and

the volume of lung lesions expressed in %. Groups: endobronchial (n = 7, green) and intranasal (n = 7, orange). **P < 0.01, ***P < 0.001,

Mann–Whitney test.

Figures 6, 7 show examples of TB lesions developed in
representative IN- and EB-challenged animals in the head
and lungs, respectively. The longitudinal section of the head
of intranasally challenged goats evidenced bilateral extensive
multifocal to coalescent granulomatous lesions in the nasal
cavity of 4/7 goats; the endoturbinates and the middle nasal
concha (on the caudal aspect of the nasal cavity) were always
the most affected, while the dorsal and ventral nasal concha
and the nasal septum were more variably involved (Figure 6E).
Microscopically, granulomas of variable extension were observed
in the nasal turbinates (Figure 6F) and nasopharyngeal mucosa
(Figure 6G), while the EB-challenged animals did not present
visible lesions in this localization (Figures 6A, B). Lesions in
the head lymph nodes were more severe in the IN group

(Figure 6H) while minimal or absent in the EB group (Figure 6D).
Microscopically, the lesional patterns observed were equivalent
in both groups, differing only in their extension and location.
On the other hand, the rendered images of the lungs obtained
by CT disclosed more extensive lung lesions and a higher total
volume of lung mineralization in the EB-challenged animals
(Figure 7).

Figure 8 presents the distribution of TB lesions in all the
animals of each group. The animals of the EB group have minimal
involvement in the head structure whereas all animals of the IN
group had lesions in the head (all of them in the retropharyngeal
LNs). On the other hand, all animals of the EB group had lesions
in the thorax but also in the abdominal cavity (especially in the
spleen), indicative of early hematogenous generalization.
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FIGURE 5

Post-mortem results in respiratory lymph nodes (LN). (A) The volume of lesions in pulmonary LN (tracheobronchial and mediastinal) expressed in

cm3. (B) M. caprae DNA load in pulmonary LN, measured by quantitative PCR and expressed as Log10 CFU equivalents. (C) The volume of lesions in

retropharyngeal LN expressed in cm3. Groups: endobronchial (EB, green)-challenged and intranasal (IN, orange)-challenged. *P < 0.05, **P < 0.01,

***P < 0.001, Mann–Whitney test.

4. Discussion

Since vaccination of cattle against TB is currently forbidden in
the EU due to its interference with the current diagnostic tools
used in eradication programs, the goat represents an excellent
translational model to investigate the effect of vaccines against TB,
which can be tested under field conditions (Pérez de Val et al.,
2012, 2013; Bezos et al., 2017; Arrieta-Villegas et al., 2018; Roy
et al., 2018; Melgarejo et al., 2022). Additionally, goats are also a
suitable animal model for human TB because they resemble more
closely than small laboratory animals and possess key anatomical
features such as the complex bronchial tree (Mclaughlin et al.,
1961) and lung parenchyma organized in a net of interlobular
septa that tend to encapsulate the lesions (Gil et al., 2010), the
respiratory tract and lung vascularization (Magno et al., 1990),
and the respiratory lymphoid tissues (Liebler-Tenorio and Pabst,
2006).

The present study aimed to evaluate the IN nebulization of
M. caprae as a field-like infection entrance pathway. The rationale
was to better reproduce the features of the natural progression
of TB infection but in a controlled manner, in order to improve
the monitoring of clinical, immunological, bacteriological, and
pathological parameters that could be used as predictors of vaccine
efficacy in further studies. The new approach was compared with
the well-established experimental infection through endobronchial
inoculation (Pérez de Val et al., 2011). The severity and the
progression of the disease were not only compared by the different
distribution of lesions in the EB and IN groups but also they were
holistically evaluated considering all the parameters mentioned
above, according to previous investigations on TB pathogenicity in
goats (Pérez de Val et al., 2013; Domingo et al., 2014).

The results showed that IN infection slowed the progression
of the disease in comparison with the EB route in terms of
cell-mediated immune response kinetics (antigen-specific IFN-γ
responses) and the onset of clinical signs (body weight gain, rectal
temperature, and respiratory signs). The delay of proinflammatory
responses (determined by IFN-γ levels) in the IN group may
be explained by a slower development of granulomatous lesions
that normally show a direct correlation with antigen-specific
IFN-γ responses (Vordermeier et al., 2002; Pérez de Val et al.,
2012). The kinetics and intensity of proinflammatory responses
in the IN group are consistent with the more progressive, less
intense, and delayed rectal temperature peaks (weeks 5–7 p.c in
the IN group instead of weeks 2–4 p.c. in the EB group). The
delayed seroconversion rates (MPB83) or absence of detectable
humoral responses (P22) in most animals of the IN group are
also indicative of a slower progression of the disease. The lower
intensity of MPB83-specific IgG responses in the IN group can
also be associated with a lower severity of TB lesions and bacterial
burden, as previously described in cattle and goats (Lyashchenko
et al., 2004; Pérez de Val et al., 2011).

However, at the end of the study, all IN-challenged animals
showed TB-compatible clinical signs indicating that the infection
was well-established. This was also supported by the fact that the
cumulative body weight gains of the IN and EB groups tended to
converge at the end of the experiment. Previous studies, carried
out by our research group, demonstrated that body weight increase
in goat kids, experimentally challenged with M. caprae, inversely
correlates with pathological TB outcome (Melgarejo et al., 2022).

From the pathological point of view, the EB infection induces
faster disease progression with the early development of large-
extensive pulmonary lesions similar to those found in certain
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FIGURE 6

Pathological features in the head. (A–D) Representative images of goats challenged by the endobronchial route (EB). (E–H) Representative images of

goats challenged by the intranasal route (IN). (A, E) Longitudinal section of the head. Granulomatous lesions are marked with arrows in the

IN-challenged goat. (B, F) Transversal histological section of a normal nasal turbinate compared with an enlarged edematous nasal turbinate with

multifocal granulomatous lesions (arrows). Hematoxylin and Eosin stain (H&E), bars 1,000µm. (C, G) Nasopharyngeal mucosa with

mucosal-associated lymphoid tissue. Noticeable multiple granulomas (arrows) in the IN animal in G. H&E, bars 1,000µm. (D, H) Tuberculous lesions

in the retropharyngeal lymph nodes of the EB-challenged group were absent or minimal as the one shown in the insert in (B), or extensive and

obliterating the whole lymph node in the IN group as shown in H. H&E, bars 1,000µm.
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FIGURE 7

Tuberculosis lesions evidenced by computed tomography (CT) scan in the lungs. (A–C) Goat challenged by the endobronchial route. (D–F) Goat

challenged by the intranasal route. (A, D) CT scan image showing the tracheobronchial tree and TB lesions. (B, E) CT-rendered image of TB lesions

(whitish) on the total volume of the lung (dark gray). (C, F) CT-rendered image of mineralization (red) on the total volume of the lung (dark gray).

FIGURE 8

Distribution of TB lesions. Blue and red cells indicate the absence and presence of lesions, respectively. (*) In the case of RF LN, pulmonary LN, and

lungs, a gradation of red levels represents the quintile distribution of volumes of lesions or number of a�ected lobes (scale: L -Low: 1- to H -High:

5-). Groups: endobronchial (EB)-challenged (N = 7) and intranasal (IN)-challenged (N = 7). LN, lymph node; SM, submandibular; RF, retropharyngeal;

PL, pulmonary; HP, hepatic; MS, mesenteric.
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chronic advanced cases of caprine TB in the field (Domingo et al.,
2014). In contrast, after 9 weeks, goats infected through the IN
route showed moderate pulmonary lesions similar to those usually
obtained in natural infections, characterized by small to medium,
multifocal lung nodular granulomatous lesions with a varying
degree of encapsulation, variable presence of satellite granulomas,
and occasionally, bigger coalescing lesions with central cavitation.
These lung lesions are often associated with lesions in the thoracic
lymph nodes (Domingo et al., 2014). The main drawback of the
IN route is the intense granulomatous lesions found in the nasal
cavity and head LN in some animals, which were artificially induced
by the nebulization platform used to inoculate the mycobacteria.
These lesions are not usually observed in field cases (Sanchez et al.,
2011). This might be explained by the fact that during the challenge,
a considerable proportion of the droplets containing mycobacteria
bulk delivered into the nasal cavity was not inhaled and remained
in the upper airways, thus generating local granulomatous lesions.
In contrast, airborne aerosols transporting mycobacteria in field
conditions are likely to access the lung parenchyma directly and
in discrete installments, thus bypassing the upper airways (Daniel
et al., 2009).

In an experimental infection conducted in calves inoculated
intranasally with M. bovis, most animals (11/12) developed TB
granulomatous lesions in LNs associated with the upper respiratory
tract, and only four of them had lesions in the lungs or
tracheobronchial LN (McCorry et al., 2005). In the present study,
we investigated not only the head LNs but also performed a
longitudinal section of the skull to investigate the nasal cavity.
We found macroscopic intranasal granulomas in 4/7 animals that
partially obstructed the upper airways and, in one case, provoked
severe dyspnea that led to the humane euthanasia of one animal at
week 8 before the completion of the experiment. Putative variations
of the location of the cannula in the dorsal or middle nasal meatus
vs. the ventral nasal meatus could explain the location of lesions
in the caudal aspect of the nasal cavity in 4/7 animals, while in
the 3/7 animals with no lesions, the cannula was likely introduced
in the ventral meatus. In one of these animals, the lesions in the
lung were the most severe in the group (animal 179, suggestive
of an effective delivery of the inoculum to the lung), while the
other two only developed lesions in the retropharyngeal lymph
nodes. In addition, two animals of the IN group had lesions in
the mesenteric LN, and this could be explained by the partial
ingestion of the inoculum (in the case of animal 153, no lesion
was observed in the nose), by swallowing the mycobacteria from
the granulomatous lesions developing in the nasal cavity and/or
associated lymph nodes (in the case of animal 226) or, less likely,
due to lymphohematogenous dissemination to the abdominal
cavity. The involvement of mesenteric LN was a frequent finding in
natural settings in a field study carried out in a goat herd, where the
most likely transmission pathway was the shared feeders between
infected and susceptible animals (Vidal et al., 2017). Spread of TB
lesions beyond the upper airways and thoracic cavity also occurred
in all EB-challenged animals (i.e., all of them showed lesions in the
spleen), most likely due to a lymphohematogenous spreading from
the primary complex generated in the lungs and pulmonary LN,
similar to that reported in previous studies (Arrieta-Villegas et al.,

2018; Melgarejo et al., 2022). This phenomenon could also have
occurred in two IN-challenged animals that showed lesions in the
spleen (suggestive of hematogenous dissemination), one of which
had the most extensive lung TB lesions in the IN-challenged group,
without nasal cavity affectation.

To properly develop a suitable infection model to measure
the efficacy of TB treatments, it would be necessary to refine the
nebulization procedure to ensure that most of the inoculum enters
into the trachea, avoiding the biased involvement of the nasal
cavity. This could be accomplished by introducing the cannula
directly into the ventral nasal meatus. Another explanation for the
skewed distribution of lesions in the IN-challenged goats could be
the fact that the animals might not have inhaled normally when
inoculated and even tried to reject or swallow the inoculum. Thus,
sedation of the goats before the experimental challenge could also
facilitate a more direct delivery to the lungs.

To date, different approaches toMTBC experimental infections
have been modelized in goats: transthoracic (Bezos et al., 2010,
2015), endobronchial (Pérez de Val et al., 2011; Wedlich et al.,
2022), aerosolization (Gonzalez-Juarrero et al., 2013), and the
infection by contact approach, i.e., the exposure of susceptible goats
to infected ones by close contact (Bezos et al., 2017; Roy et al.,
2019). The latter has the advantage to mimic natural infection in
the herd but has the disadvantage of not controlling critical points
such as the infection time point, infection dose, and infection route,
which hinder the monitorization of the infection progress and,
most critically, comparison between treatment groups. Similarly,
the use of aerosolizers enables the inhalation of mycobacteria
(Gonzalez-Juarrero et al., 2013) but does not allow to deposit the
inoculum in a defined site of the respiratory tract at the start-
point of the experiment, to compare the pathological evolution
from the infection site among the treatment groups. The atomizing
device used in the present study sprays droplets > 30mm in
diameter that resemble those excreted by sneezing or coughing.
With the IN nebulization one can control the infection time point
and infection dose conditions but still not ensure the infection
site within the respiratory tract, resulting in moderate pulmonary
TB lesions in only 4/7 animals, probably because a significant
fraction of the inoculum was retained in the nasal cavity, whereas
all goats infected by EB inoculation showed pulmonary TB lesions
as previously described in all experimental infections of goats with
M. caprae or M. bovis by this route (Pérez de Val et al., 2011,
2012, 2013; Arrieta-Villegas et al., 2018, 2020; Melgarejo et al.,
2022; Wedlich et al., 2022). However, the EB model, as does
the transthoracic one, can induce advanced caseous-necrotizing
lesions even in vaccinated individuals, limiting the capacity to
predict the protective effect of vaccinated candidates (Arrieta-
Villegas et al., 2020). In contrast, the IN infection induced low-to-
moderate pulmonary lesions with a low degree of mineralization,
suggesting a more initial developmental stage that may facilitate
the evaluation of the containment of TB lesions spreading in
immunized animals. Optimization of the model is required to reach
a compromise among (A) conditions control (dose, inoculation
point), (B) duration of the experiment, and (C) reproducibility of
TB field phenotype in order to precisely evaluate the efficacy of the
tested vaccines.
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Background: Severe fever with thrombocytopenia syndrome (SFTS) is an 
emerging zoonosis caused by a novel bunyavirus. Until recently, the SFTS related 
acute kidney injury (AKI) was largely unexplored. This study aimed to investigate 
the clinical characteristics and outcomes of AKI in patients with SFTS.

Methods: The non-AKI and AKI groups were compared in terms of general 
characteristics, clinical features, laboratory parameters and cumulative survival 
rate. The independent risk factors for in-hospital mortality in patients with SFTS 
were analyzed by multivariate logistic regression to identify the population with 
poor prognosis.

Results: A total of 208 consecutive patients diagnosed with SFTS were enrolled, 
including 153 (73.6%) patients in the non-AKI group and 55 (26.4%) patients in 
the AKI group. Compared with patients without AKI, patients with AKI were older 
and had a higher frequency of diabetes. Among these laboratory parameters, 
platelet count, albumin and fibrinogen levels of patients with AKI were identified 
to be significantly lower than those of patients without AKI, while ALT, AST, ALP, 
triglyceride, LDH, BUN, uric acid, creatine, Cys-C, β2-MG, potassium, AMY, lipase, 
CK-MB, TnI, BNP, APTT, thrombin time, D-dimer, CRP, IL-6, PCT and ESR levels 
were significantly higher in patients with AKI. A higher SFTS viral load was also 
detected in the AKI patients than in the non-AKI patients. The cumulative survival 
rates of patients at AKI stage 2 or 3 were significantly lower than those of patients 
without AKI or at AKI stage 1. However, there was no significant difference in the 
cumulative survival rates between patients without AKI and those with stage 1 
AKI. Univariate and multivariate binary logistic regression analyses demonstrated 
that stage 2 or 3 AKI was an independent risk factor for in-hospital mortality in 
patients with SFTS.

Conclusion: AKI is associated with poor outcomes in patients with SFTS, 
especially patients at AKI stage 2 or 3, who generally have high mortality. Our 
findings support the importance of early identification and timely treatment of 
AKI in patients with SFTS.

KEYWORDS

severe fever with thrombocytopenia syndrome, acute kidney injury, clinical 
characteristics, risk factor, mortality
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Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an 
emerging infectious disease caused by a novel bunyavirus that was 
reported in rural areas of China in 2009 (Yu et al., 2011). SFTS is 
mainly transmitted by contact with ticks, and can be  transmitted 
among humans (Bao et al., 2011), even direct infection of SFTS virus 
from cats and dogs to humans has been reported, which is recognized 
as a social problem (Park et al., 2019; Yamanaka et al., 2020). Patients 
with mild SFTS can present with fever, thrombocytopenia, anorexia, 
dizziness, headache, nausea, vomiting and diarrhea, while patients 
with serious SFTS might develop multiple organ dysfunction 
syndrome including encephalopathy, cardiac failure, acute respiratory 
distress syndrome, severe pancreatitis, acute kidney injury (AKI), and 
disseminated intravascular coagulation, with a reported mortality rate 
ranging from 2.5% to 30% in various epidemic areas (Zhang et al., 
2012; Liu S. et al., 2014; Li et al., 2018). The extensive distribution, and 
high morbidity and mortality of SFTS make it a significant newly 
emerging infectious disease in China.

Critically ill patients with SFTS always have a high mortality 
rate, and the clinical manifestations and laboratory parameters 
could be used to predict the outcomes of patients with SFTS, which 
have been explored with high interest (Wen et al., 2014; Xu et al., 
2018). Among these definite predictors, elevated serum creatinine 
(sCr) levels have been frequently demonstrated to be closely related 
to poor prognosis (Cui et al., 2015; Nie et al., 2020; He et al., 2021). 
The elevated sCr levels in a short time typically represent AKI. It 
suggests that AKI may be closely related to the adverse outcomes 
of patients with SFTS. Hence, a comprehensive understanding of 
the clinical characterization of AKI and its associated outcomes is 
crucial for formulating personalized treatment strategies to 
improve the prognosis of patients with SFTS. However, until 
recently, the data for AKI in SFTS were limited. We performed a 
study to investigate the incidence, clinical manifestations and 
outcomes of AKI in a retrospective cohort of hospitalized patients 
with SFTS.

Methods

Patients

A total of 208 consecutive patients with SFTS admitted to the 
Department of Infectious Disease, Zhongnan Hospital of Wuhan 
University between August 2016 and June 2023 were included in a 
retrospective cohort. The patients were then divided into the AKI 
(n = 153) and non-AKI groups (n = 55) according to the presence of 
AKI. According to the current Kidney Disease: Improving Global 
Outcomes (KDIGO) staging criteria for AKI, patients in the AKI 
group were further divided into three subgroups: stage 1 AKI group 
(n = 23), stage 2 AKI group (n = 17) and stage 3 AKI group (n = 15).

The criteria of diagnosing SFTS were as follows (Liu Q. et al., 
2014): (1) acute fever (temperature >37.3°C for over 24 h) with 
thrombocytopenia; (2) laboratory-confirmed SFTS virus infection by 
detection of viral RNA through polymerase chain reaction assay. 
Patients were excluded if they fulfilled one or more of the following 
criteria: (1) age ≤18 years or ≥80 years, (2) reduced glomerular 
filtration rate or chronic kidney disease had been confirmed before 

admission, (3) previous kidney transplantation; (4) the presence of 
preterminal comorbidities (heart disease New York Heart Association 
III–IV, severe chronic obstructive pulmonary disease), (5) any other 
types of immunodeficiency. (6) history of malignant tumor.

Diagnosis of AKI was based on the KDIGO guidelines (Palevsky 
et al., 2013): (1) increase in sCr by ≥26.5 μmol/L (or ≥50%) within 
48 h; or (2) increase in sCr to ≥1.5 times the baseline value, which is 
known or presumed to have within the previous 7 days; or (3) urine 
volume <0.5 mL/kg/h for 6 h. The KDIGO criteria for AKI staging 
were as follows: (1) AKI stage 1, increase in sCr by 1.5–1.9 times the 
baseline value, or increase in sCr by 26.5 μmol/L within 48 h, or urine 
volume <0.5 mL/kg/h and >0.3 mL/kg/h for 6–12 h; (2) AKI stage 2, 
increase in sCr by 2.0–2.9 times the baseline value, or urine volume 
<0.5 mL/kg/h and >0.3 mL/kg/h for ≥12 h; (3) AKI stage 3, increase 
in sCr by 3.0 times the baseline value, or increase in sCr to 
353.6 μmol/L, or start of renal replacement therapy, or urine volume 
<0.3 mL/kg/h for ≥24 h.

During hospitalization, all patients received routine supportive 
treatment, including bed rest, adequate nutritional support, intensive 
care and monitoring. Complications including coagulation disorders, 
thrombocytopenia crisis, neutropenia, acute respiratory distress 
syndrome, septic shock and AKI were closely monitored and 
managed immediately.

Data collection

The medical records of patients with SFTS were reviewed, 
demographic details, comorbid conditions, symptoms, signs and 
laboratory tests data including white blood cell (WBC) count and 
percentage, neutrophil count and percentage, lymphocyte count and 
percentage, hemoglobin, platelet (PLT) count, alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), total 
bilirubin (TBIL), albumin, alkaline phosphatase (ALP), gamma 
glutamyl transpeptidase (GGT), lactate dehydrogenase (LDH), total 
cholesterol (TC), triglyceride (TG), blood urea nitrogen (BUN), uric 
acid, sCr, cystatin C (Cys-C), β2-microglobulin (β2-MG), sodium, 
potassium, calcium, magnesium, chlorine, phosphorus, amylase 
(AMY), lipase, creatinine kinase (CK), creatinine kinase myocardial 
B fraction (CK-MB), troponin I  (TnI), brain natriuretic peptide 
(BNP), prothrombin time (PT), international normalized ratio 
(INR), prothrombin activity (PTA), activated partial thromboplastin 
time (APTT), thrombin time (TT), fibrinogen, D-dimer, C-reactive 
protein (CRP), procalcitonin (PCT), interleukin-6 (IL-6), erythrocyte 
sedimentation rate (ESR), SFTS viral load, fecal occult blood test 
(OBT), urine protein test (UPT), urine occult blood test (UOBT) and 
survival time were collected at the time of AKI diagnosis.

Statistical analysis

All data were analyzed with IBM SPSS statistical analysis 
software (version 23.0, Chicago, United  States), and p < 0.05 
(two-sided) was considered statistically significant. Categorical 
variables were shown as numbers (percentages) and were compared 
by the Chi-square test or Fisher’s exact test. Continuous variables 
were shown as the means ± standard deviations for data with a 
normal distribution or medians with interquartile ranges 
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(P25–P75) for data with a non-normal distribution, which were 
compared by the student’s t-test or Mann–Whitney U test, 
respectively. Correlations between numerical laboratory parameters 
were analyzed using Spearman correlation analysis. The cumulative 
survival rates of patients were evaluated using the Kaplan–Meier 
method and were compared by the log-rank test. Logistic regression 
analysis was conducted to identify the risk factors for fatal outcome 
of patients. All clinical data including demographic, comorbid 
conditions, clinical symptoms and laboratory indicators were 
included for univariate analysis, from which biologically plausible 
variables with p-value <0.05 were entered into the multivariate 
model by a stepwise method.

Results

Demographic and clinical manifestations

A total of 208 consecutive patients diagnosed with SFTS were 
enrolled, including 153 patients in the non-AKI group and 55 
patients in the AKI group. Among these patients, 48 patients were 
diagnosed with AKI at admission, and seven patients were diagnosed 
with AKI during hospitalization. The time between symptom onset 
and diagnosis of AKI was 8 (7–12) days. Compared with patients 
without AKI, patients with AKI were older, and had a higher 
frequency of diabetes and more days from onset to admission. No 
difference was observed in the frequency of sex or hypertension 
between the two groups. Among all these clinical manifestations, 
headache, anorexia, abdominal pain, diarrhea, petechia, 

encephalopathy and hepatosplenomegaly were significantly 
overrepresented in patients in the AKI group compared with patients 
in the non-AKI group. However, there was no significant difference 
in other clinical features including dizziness, cough, sputum, chest 
distress, nausea, vomiting and the frequency of fever >38°C 
(Table 1).

Laboratory test results

Among these laboratory parameters, PLT count, albumin and 
fibrinogen levels of patients with AKI were identified to 
be significantly lower than those of patients without AKI, while ALT, 
AST, ALP, LDH, TG, BUN, uric acid, sCr, Cys-C, β2-MG, potassium, 
phosphorus, AMY, lipase, CK-MB, TnI, BNP, APTT, TT, D-dimer, 
CRP, IL-6, PCT and ESR levels were significantly higher in patients 
with AKI. A higher SFTS viral load was also detected in the AKI 
patients than in the non-AKI patients. In terms of routine urine test 
examinations, the urine RBC count in the AKI patients was 
significantly higher than that in the non-AKI patients. No significant 
difference was observed for WBC, neutrophil and lymphocyte 
counts, TBIL, TC, sodium, PT, INR, APTT or frequency of OBT 
positivity between the two groups (Table 2).

Spearman correlation analysis was conducted to analyze the 
correlation between sCr and other laboratory parameters. The results 
indicated that sCr was positively correlated with ALT, AST, TBIL, 
GGT, ALP, BUN, uric acid, Cys-C, AMY, lipase, CK, CK-MB, TnI, PT, 
INR, APTT and TT, but was negatively correlated with PLT count, 
albumin, urine volume and fibrinogen (Figure 1).

TABLE 1 Comparison of demographics, comorbid conditions and clinical symptoms between the non-AKI and AKI groups.

All (n =  208) Non-AKI (n =  153) AKI (n =  55) p-value

Male, n (%) 110 (52.9) 81 (52.9) 29 (52.7) 0.978

Age (years) 65 ± 8 64 ± 8 67 ± 7 0.024

Diabetes, n (%) 15 (7.2) 7 (4.6) 8 (14.5) 0.028

Hypertension, n (%) 53 (25.5) 36 (23.5) 17 (30.9) 0.281

Days from onset to admission 7 (6–9) 6 (5–7) 8 (7–10) 0.033

Clinical manifestations, n (%)

  Fever >38°C 50 (24.0) 33 (21.6) 17 (30.9) 0.164

  Headache 40 (19.5) 24 (15.7) 16 (29.1) 0.031

  Dizziness 62 (29.8) 43 (28.1) 19 (34.5) 0.370

  Cough 55 (26.4) 39 (25.5) 16 (29.1) 0.604

  Sputum 41 (19.7) 29 (19.0) 12 (21.8) 0.647

  Chest distress 42 (20.2) 28 (18.3) 14 (25.5) 0.257

  Anorexia 153 (73.6) 106 (69.3) 47 (85.5) 0.020

  Nausea 160 (76.9) 116 (75.8) 44 (80.0) 0.528

  Vomiting 53 (25.5) 41 (26.8) 12 (21.8) 0.467

  Abdominal pain 55 (26.4) 34 (22.2) 21 (38.2) 0.021

  Diarrhea 33 (15.9) 20 (13.1) 13 (23.6) 0.012

  Petechia 22 (10.6) 10 (6.5) 12 (21.8) 0.032

  Encephalopathy 32 (15.4) 14 (9.2) 18 (32.7) <0.001

  Hepatosplenomegaly 23 (11.1) 12 (7.8) 11 (20.0) 0.014

127

https://doi.org/10.3389/fmicb.2023.1236091
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2023.1236091

Frontiers in Microbiology 04 frontiersin.org

TABLE 2 Comparison of laboratory parameters in the two study groups.

Variables Normal range All (n =  208) Non-AKI (n =  153) AKI (n =  55) p-value

WBC (109/L) 3.5–9.5 4.1 (2.3–6.7) 4.0 (2.1–6.9) 4.2 (2.6–6.4) 0.778

Neutrophil (%) 40.0–75.0 70.1 (54.0–82.4) 68.9 (51.6–82.3) 72.7 (60.5–82.9) 0.160

Neutrophil (109 /L) 1.8–6.3 2.7 (1.2–5.1) 2.6 (1.1–5.0) 3.1 (1.5–5.3) 0.375

Lymphocyte (%) 20.0–50.0 20.8 (11.6–31.2) 20.6 (11.4–32.6) 20.9 (12.4–27.5) 0.590

Lymphocyte (109/L) 1.1–3.2 0.7 (0.5–1.1) 0.7 (0.5–1.1) 0.7 (0.5–1.1) 0.511

Hemoglobin (g/L) 130–175 122 ± 23 124 ± 23 118 ± 24 0.140

PLT (109/L) 125–350 41 (28–57) 42 (31–57) 34 (22–58) 0.050

ALT (U/L) 9–50 74 (45–130) 69 (45–113) 92 (48–204) 0.022

AST (U/L) 15–40 187 (91–419) 152 (85–315) 402 (134–825) <0.001

TBIL (μmol/L) 5–21 11.7 (8.6–17.2) 10.8 (8.3–16.1) 13.7 (9.4–20.8) 0.084

Albumin (g/L) 40–55 29.9 ± 5.1 30.5 ± 4.7 28.0 ± 5.6 0.001

ALP (U/L) 30–120 74 (58–103) 71 (55–88) 106 (65–159) <0.001

GGT (U/L) 8–57 40 (24–97) 33 (22–79) 48 (32–128) <0.001

LDH (U/L) 125–243 708 (402–1,000) 634 (391–961) 925 (562–1,622) 0.002

TC (mmol/L) 0–5.18 2.94 (2.41–3.57) 2.91 (2.40–3.54) 3.07 (2.42–3.66) 0.459

TG (mmol/L) 0–1.70 2.23 (1.53–3.05) 2.01 (1.49–2.94) 2.65 (1.96–3.52) 0.026

BUN (mmol/L) 2.8–7.6 5.3 (4.0–8.0) 4.9 (3.6–6.1) 8.5 (6.2–15.8) <0.001

Uric acid (μmol/L) 119–417 305 (243–397) 270 (227–326) 444 (387–513) <0.001

sCr (μmol/L) 64–104 75 (64–110) 69 (61–79) 197 (146–299) <0.001

Cys-C (mg/L) 0–1.2 1.26 (1.01–1.58) 1.16 (0.95–1.43) 1.68 (1.37–2.75) <0.001

β2-MG (μg/L) 1,000–3,000 4,067 (3422–5,410) 3,616 (3073–4,210) 5,432 (4565–14,821) <0.001

Sodium (mmol/L) 137–147 135 (132–138) 135 (132–138) 134 (131–139) 0.868

Potassium (mmol/L) 3.5–5.3 3.6 (3.3–4.2) 3.5 (3.2–3.9) 4.0 (3.6–4.5) <0.001

Calcium (mmol/L) 2.0–2.7 1.93 (1.82–2.03) 1.93 (1.88–2.02) 1.95 (1.76–2.06) 0.425

Magnesium (mmol/L) 0.85–1.15 0.93 (0.81–1.09) 0.93 (0.81–1.03) 0.95 (0.80–1.15) 0.249

Chlorine (mmol/L) 96–106 103.0 (99.0–105.1) 103.2 (98.9–105.4) 102.3 (99.3–104.3) 0.320

Phosphorus (mmol/L) 0.8–1.5 1.09 (0.87–1.43) 0.98 (0.82–1.17) 1.52 (1.40–1.60) <0.001

AMY (U/L) 0–90 146 (94–227) 130 (85–204) 192 (134–318) <0.001

Lipase (U/L) 0–70 164 (78–315) 129 (67–260) 266 (117–465) 0.001

CK (U/L) 0–171 444 (147–1,197) 429 (132–997) 512 (182–1,582) 0.156

CK-MB (U/L) 0–25 32 (15–49) 28 (14–45) 39 (22–89) 0.004

TnI (pg/mL) 0–26.2 96.6 (34.7–218.5) 72.1 (40.9–207.0) 126.9 (75.8–432.5) 0.012

BNP (pg/mL) 0–1800 78.0 (128.3–192.5) 73.7 (58.4–120.5) 142.7 (123.5–280.8) 0.034

PT (s) 9.4–12.5 11.4 (10.7–12.0) 11.3 (10.6–12.0) 11.7 (11.1–12.7) 0.111

INR 0.85–1.15 1.04 (0.98–1.10) 1.03 (0.97–1.10) 1.06 (1.01–1.14) 0.107

PTA (%) 80–130 98 (88–109) 100 (90–109) 95 (85–108) 0.126

APTT (s) 25.1–36.5 42.1 (36.2–49.0) 41.0 (35.7–45.4) 48.0 (39.6–57.4) <0.001

TT (s) 10.3–16.6 18.3 (16.6–22.3) 17.3 (16.1–19.9) 20.7 (17.1–24.7) 0.001

Fibrinogen (mg/dL) 238–498 237 (185–290) 249 (198–295) 223 (147–280) 0.017

D-dimer (ng/mL) 0–500 1,063 (472–2,230) 900 (403–1913) 1810 (612–3,340) 0.003

CRP (mg/L) 0–10.0 7.1 (2.4–17.5) 4.9 (1.6–14.9) 10.7 (6.4–28.0) 0.033

PCT (ng/mL) 0–0.05 0.26 (0.08–0.72) 0.18 (0.06–0.40) 0.89 (0.34–2.42) <0.001

IL-6 (pg/mL) 0–7 41.0 (15.1–115.3) 33.3 (13.1–86.9) 113.4 (26.7–557.6) <0.001

ESR (mm/h) 0–20 8 (4–14) 7 (4–12) 10 (7–23) 0.038

Urine RBC count 0–13.1 19.3 (8.5–65.4) 16.7 (7.4–40.9) 33.9 (14.1–146.0) 0.009

Viral load (log10 copies/mL) 4.2 (3.2–5.4) 4.0 (3.1–4.5) 5.5 (3.8–6.9) 0.002

OBT positive, n (%) 49 (23.6) 31 (20.3) 18 (32.8) 0.062

UPT positive, n (%) 171 (82.2) 125 (81.6) 46 (83.6) 0.747

UOBT positive, n (%) 163 (78.4) 118 (77.1) 45 (81.8) 0.468
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FIGURE 1

Spearman correlation analysis was carried out to analyze the relationship between the levels of sCr and other laboratory parameters in patients with 
SFTS. (A) Correlation analysis between sCr and urine volume. (B) Correlation analysis between sCr and uric acid. (C) Correlation analysis between sCr 
and BUN. (D) Correlation analysis between sCr and Cys-C. (E) Correlation analysis between sCr and WBC count. (F) Correlation analysis between sCr 
and neutrophil count. (G) Correlation analysis between sCr and lymphocyte count. (H) Correlation analysis between sCr and hemoglobin. 
(I) Correlation analysis between sCr and PLT count. (J) Correlation analysis between sCr and ALT. (K) Correlation analysis between sCr and AST. 
(L) Correlation analysis between sCr and TBIL. (M) Correlation analysis between sCr and ALP. (N) Correlation analysis between sCr and GGT. 
(O) Correlation analysis between sCr and albumin. (P) Correlation analysis between sCr and AMY. (Q) Correlation analysis between sCr and lipase. 
(R) Correlation analysis between sCr and CK. (S) Correlation analysis between sCr and CK-MB. (T) Correlation analysis between sCr and TnI. 
(U) Correlation analysis between sCr and PT. (V) Correlation analysis between sCr and INR. (W) Correlation analysis between sCr and TT. (X) Correlation 
analysis between sCr and Fibrinogen.
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Prognosis classification of patients  
with SFTS

As shown in Figure 2A, the cumulative survival rate of patients 
in the AKI group was significantly lower than that in the non-AKI 
group (93.4% vs. 50.9%, p < 0.001). As shown in Figure 2B, patients 
in the AKI group were divided into three subgroups, and the 
cumulative survival rates of patients at AKI stages 1, 2 and 3 were 
82.6%, 35.3% and 20.0%, respectively. Both the cumulative survival 
rates of patients at AKI stage 2 or 3 were significantly lower than 
those of patients without AKI (all p < 0.001). However, there was no 
significant difference in the cumulative survival rates between the 
stage 1 AKI and non-AKI groups (p = 0.066). Moreover, compared 
with patients at AKI stage 1, patients at AKI stage 2 or 3 also had 
significantly lower cumulative survival rates (p = 0.003, p < 0.001, 
respectively). Moreover, the clinical features and laboratory 
parameters of patients at AKI stages 1, 2 and 3 were compared. 
We revealed that patients with stage 2 or 3 AKI had more days from 
onset to admission, and higher serum levels of ALT, AST, LDH, uric 
acid, Cys-C, β2-MG, AMY, lipase, CK-MB, TnI, BNP, D-dimer, CRP, 
PCT, IL-6, ESR, viral load and urine RBC count than patients with 
stage 1 AKI (Supplementary Table S1).

Risk factors for fatal outcomes

Univariable logistic regression analyses revealed that the presence 
of petechia, encephalopathy, hepatosplenomegaly and stage 2 or 3 
AKI, old age, and decreased albumin, low fibrinogen, and elevated 
levels of AST, ALP, GGT, LDH, TG, uric acid, AMY, lipase, CK-MB, 
PT, APTT, TT, IL-6 and viral load were risk factors for fatal outcomes 
in patients with SFTS. The above variables were used for multivariable 
logistic regression analyses. It demonstrated that stage 2 or 3 AKI (OR, 
10.329; 95% CI, 4.815–21.244), encephalopathy (OR, 5.935; 95% CI, 

3.056–13.903), elevated levels of LDH (OR, 1.002; 95% CI, 1.001–
1.003) and viral load (OR, 2.415; 95% CI, 1.702–4.026) were 
independent risk factors for mortality in patients with SFTS (Table 3).

Longitudinal changes in laboratory 
parameters in patients without AKI or at 
AKI stages 1, 2 and 3

Subgroup patients with longitudinal laboratory test results were 
analyzed to investigate their serial changes with respect to disease 
severity. Levels of 22 laboratory parameters at four time points were 
collected and presented. Compared with patients without AKI or 
with stage 1 AKI, patients with stage 2 or 3 AKI showed a significant 
increase in serum concentrations of sCr, BUN, Cys-C, β2-MG, AST, 
TBIL, ALP, GGT, LDH, BUN, AMY, lipase, CK-MB, TnI, TT, 
D-dimer, CRP, IL-6, and PCT and significantly reduced serum levels 
of albumin and PLT count during the course of hospitalization (see 
Figure 3).

Discussion

AKI is a clinical syndrome caused by a sudden decrease in renal 
excretory function, with the accumulation of nitrogen metabolism 
waste such as creatinine and urea. Other common clinical and 
laboratory presentations include reduced urine output, resulting in 
the accumulation of metabolic acids, potassium and phosphate. It is 
a frequent complication in hospital patients and very common in 
critically ill patients (Bellomo et al., 2012; Gonsalez et al., 2019). AKI 
in patients with SFTS was also observed in previous studies (Cui 
et al., 2015; Jia et al., 2017; Wang et al., 2019; He et al., 2021), yet with 
very little information on its incidence, clinical characteristics and  
prognosis.

FIGURE 2

(A) Kaplan–Meier curves showing the cumulative survival rates of patients in the non-AKI and AKI groups. Comparison of the survival estimates was 
performed using the log rank test, non-AKI group vs. AKI group, p  <  0.001. (B) Kaplan–Meier curves showing the cumulative survival rates of patients 
with SFTS based on AKI stage. Comparison of the survival estimates was performed using the log rank test, non-AKI group vs. stage 1 AKI group, 
p  =  0.481; non-AKI group vs. stage 2 AKI or stage 3 AKI group, all p  <  0.001; stage 1 AKI group vs. stage 2 AKI or stage 3 AKI group, p  =  0.003, p  <  0.001, 
respectively.
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TABLE 3 Univariable and multivariable logistic regression analyses of in-hospital mortality in patients with SFTS.

Univariable analysis Multivariable analysis

OR (95% CI) p-value OR (95% CI) p-value

Male 1.436 (0.704–2.931) 0.320

Age 1.057 (1.008–1.108) 0.022

Diabetes 2.516 (0.806–7.855) 0.112

Hypertension 1.012 (0.494–2.462) 0.812

Days from onset to admission 1.036 (0.921–1.164) 0.560

Fever >38°C 2.649 (0.946–5.632) 0.052

Headache 2.072 (0.921–4.658) 0.078

Anorexia 2.075 (0.815–5.285) 0.126

Abdominal pain 1.429 (0.661–3.086) 0.364

Diarrhea 1.301 (0.517–3.274) 0.576

Petechia 3.094 (1.191–8.037) 0.020

Encephalopathy 7.381 (3.220–16.917) <0.001 5.935 (3.056–13.903) 0.012

Hepatosplenomegaly 4.501 (1.794–11.294) 0.001

Stage 2 or 3 AKI 12.536 (8.454–23.178) <0.001 10.329 (4.815–21.244) <0.001

WBC (109/L) 1.014 (0.916–1.122) 0.787

Neutrophil (%) 0.999 (0.992–1.007) 0.831

Neutrophil (109 /L) 0.999 (0.885–1.127) 0.987

Lymphocyte (%) 0.986 (0.959–1.014) 0.311

Lymphocyte (109/L) 1.120 (0.711–1.762) 0.625

Hemoglobin (g/L) 0.991 (0.977–1.005) 0.206

PLT (109/L) 0.982 (0.964–1.001) 0.059

ALT (U/L) 1.002 (0.999–1.004) 0.131

AST (U/L) 1.002 (1.001–1.003) <0.001

TBIL (μmol/L) 1.016 (0.998–1.034) 0.077

Albumin (g/L) 0.903 (0.834–0.977) 0.011

ALP (U/L) 1.006 (1.002–1.009) 0.002

GGT (U/L) 1.003 (1.001–1.005) 0.008

LDH (U/L) 1.003 (1.001–1.004) <0.001 1.002 (1.001–1.003) 0.006

TC (mmol/L) 0.712 (0.410–1.239) 0.230

TG (mmol/L) 1.276 (1.000–1.628) 0.050

BUN (mmol/L) 1.000 (0.990–1.010) 0.816

Uric acid (μmol/L) 1.009 (1.005–1.012) <0.001

Cys-C (mg/L) 1.132 (0.931–1.375) 0.214

Sodium (mmol/L) 0.984 (0.926–1.046) 0.604

Potassium (mmol/L) 4.349 (2.282–8.290) <0.001

AMY (U/L) 1.002 (1.001–1.003) 0.002

Lipase (U/L) 1.002 (1.000–1.003) 0.007

CK (U/L) 1.000 (1.000–1.000) 0.040

CK-MB (U/L) 1.009 (1.004–1.014) <0.001

TnI (pg/mL) 1.001 (1.000–1.001) 0.069

PT (s) 1.474 (1.118–1.944) 0.006

INR 1.003 (0.990–1.017) 0.627

PTA (%) 0.984 (0.963–1.005) 0.140

(Continued)
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To our knowledge, this is the first report of the clinical features 
and outcomes of AKI in SFTS. In the present study, we demonstrated 
the incidence of AKI in 26.4% of hospitalized SFTS patients. We also 
revealed that the patients with AKI showed higher decreased levels 
of albumin and fibrinogen, and elevated levels of AST, TBIL, ALP, 
LDH, BUN, uric acid, sCr, AMY, lipase, CKMB, TnI, APTT, TT and 
D-dimer than patients without AKI during hospitalization. Spearman 
correlation analysis also showed that sCr was closely correlated with 
these laboratory parameters. They are generally associated with fatal 
outcomes, and are commonly used to reflect the heart, liver, pancreas, 
kidney and coagulation functions, and their extremely abnormal 
levels reveal severe organ injury and dysfunction, which usually 
occur in critically ill patients, who should receive more attention, 
specifically by developing new therapeutic and prevention strategies 
to be  used in clinical practice. Furthermore, we  revealed that 
nonspecific symptoms including abdominal pain, diarrhea, 
encephalopathy and hepatosplenomegaly were more frequent in 
patients with AKI. Some studies have reported that encephalopathy 
and hepatosplenomegaly are independent predictors of mortality in 
patients with SFTS (Liu et al., 2013; Gong et al., 2021). It revealed that 
AKI was often linked with other severe complications, leading to 
poor prognosis.

A number of studies have revealed that a high viral load is 
generally associated with poor outcome. Which can be  used to 
predict the mortality of patients with SFTS (Liu et al., 2016; Yang 
et al., 2016; Jo et al., 2022; Wang et al., 2022). We also found that the 
viral load was an independent risk factor for the prognosis of 
patients with SFTS. In the present study, the viral load was 
significantly higher in the AKI group than in the non-AKI group. At 
least in part, it could explain why patients in the AKI group have a 
higher mortality rate. Although the mechanisms of AKI in patients 
with SFTS are unclear, some studies reported that the SFTS virus was 
detected in the kidneys (Chen et al., 2012; Jin et al., 2012). Recently, 
a report showed that SFTS viral load in urine is an independent 
predictor of the incidence of AKI (Zhang et al., 2023). It implies that 
the SFTS virus may directly induce renal damage. Moreover, a large 

number of studies have shown that the SFTS virus can substantially 
produce inflammatory cytokines and chemokines, leading to 
cytokine storms (Khalil et al., 2021; Wang et al., 2021; Gao et al., 
2022). It can promote kidney vascular permeability, and even 
microcirculatory dysfunction, and it can induce thrombosis and 
capillary leak syndrome, resulting in disseminated intravascular 
coagulation. In addition, these high serum levels of cytokines can 
directly cause the death of renal endothelial and tubular epithelial 
cells (Ahmadian et al., 2021; Legrand et al., 2021).

In the present study, we used the less sensitive sCr-based criteria 
to identify AKI. Although inulin clearance and radionuclide renal 
imaging are more sensitive, they are inconvenient and costly. 
Nonetheless, sCr measurement is still the most practical and widely 
accepted method for evaluating renal function in patients with AKI 
at present (Moledina et al., 2017; Moledina and Parikh, 2018). Some 
biomarkers of AKI including Cys-C and β2-MG were also evaluated 
in patients with SFTS. Cys-C is an elegant indicator of glomerular 
filtration rate because it is not affected by factors such as muscle 
mass, diet, drugs, sex and tubular secretion, and it is a reliable 
parameter for evaluating and predicting AKI in critically ill patients 
(Mårtensson et al., 2012; Luft, 2021). β2-MG has also traditionally 
been used to evaluate renal tubular function, and elevated β2-MG is 
typically accompanied by kidney injury (Bagshaw et al., 2007). Our 
results also showed that the serum levels of Cys-C and β2-MG in the 
AKI group were significantly higher than those in the 
non-AKI group.

Importantly, our findings confirmed that stage 2 or 3 AKI was a 
strong independent risk factor for the prognosis in patients with 
SFTS, and patients at AKI stage 2 or 3 showed a significantly higher 
in-hospital mortality than patients without AKI or at AKI stage 1. 
Some previous studies of other diseases also had yielded similar 
results. A large observational study demonstrated that the mortality 
of hospitalized patients at AKI stage 2 or 3 was approximately 2 or 4 
times higher than that of patients at AKI stage 1, respectively 
(Khadzhynov et al., 2019). A retrospective analysis of the cohort of 
patients from the North American Consortium for the Study of 

TABLE 3 (Continued)

Univariable analysis Multivariable analysis

OR (95% CI) p-value OR (95% CI) p-value

APTT (s) 1.073 (1.039–1.108) <0.001

TT (s) 1.075 (1.022–1.131) 0.005

Fibrinogen (mg/dL) 0.988 (0.982–0.995) <0.001

D-dimer (ng/mL) 1.001 (1.000–1.003) 0.397

CRP (mg/L) 1.025 (0.983–1.069) 0.254

PCT (ng/mL) 1.118 (0.981–1.274) 0.096

IL-6 (pg/mL) 1.008 (1.002–1.014) 0.012

ESR (mm/h) 1.025 (0.996–1.056) 0.096

Viral load 3.309 (1.855–5.902) <0.001 2.415 (1.702–4.026) 0.026

OBT positive 1.769 (0.794–3.940) 0.163

UPT positive 1.144 (0.439–2.978) 0.783

UOBT positive 1.629 (0.635–4.180) 0.310

Urine RBC count 1.000 (1.000–1.001) 0.692
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FIGURE 3

Evaluation of serial laboratory parameters for the non-AKI or stage 1 AKI group (n = 51) vs. stage 2 or 3 group (n = 16) of SFTS patients during 
hospitalization. (A) The longitudinal changes in sCr between the two groups. (B) The longitudinal changes in BUN between the two groups. (C) The 
longitudinal changes in Cys-C between the two groups. (D) The longitudinal changes in β2-MG between the two groups. (E) The longitudinal changes 
in WBC count between the two groups. (F) The longitudinal changes in PLT count between the two groups. (G) The longitudinal changes in ALT 
between the two groups. (H) The longitudinal changes in AST between the two groups. (I) The longitudinal changes in albumin between the two 
groups. (J) The longitudinal changes in TBIL between the two groups. (K) The longitudinal changes in ALP between the two groups. (L) The 
longitudinal changes in GGT between the two groups. (M) The longitudinal changes in LDH between the two groups. (N) The longitudinal changes in 

(Continued)
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End-Stage Liver Disease study on the complications of patients with 
decompensated cirrhosis revealed that patients at AKI stage 2 or 3 
had higher model for end-stage liver disease scores, presence of 
systemic inflammatory response syndrome and second infections, 
resulting in a lower survival rate (Wong et  al., 2021). Moreover, 
we compared the longitudinal changes in laboratory parameters of 
patients in the non-AKI, stage 1, 2 and 3 AKI groups. It revealed that 
laboratory indicators reflecting organ injury and inflammation 
returned to the normal range in patients without AKI or at AKI stage 
1, but these parameters were aggravated continuously in patients at 
AKI stage 2 or 3 during hospitalization. These results could explain 
the higher mortality of patients at AKI stage 2 or 3.

Limitations of our study include the observational and 
retrospective study design. Additionally, the sample size of this study 
was relatively small. Therefore, the subsequent analysis of risk factors 
for AKI development in SFTS was not conducted.

At the same time, due to the limited laboratory resources in our 
hospital, some other AKI biomarkers including neutrophil gelatinase-
associated lipocalin, kidney injury molecule-1 and interleukin-18 
could not be measured. Finally, because this was a single-center study, 
the observations made here could not be extrapolated to other centers.

Conclusion

In conclusion, we found a high incidence of AKI in patients with 
SFTS, and AKI was associated with poor prognosis. Most importantly, 
we revealed that patients at AKI stage 2 or 3 had higher mortality. 
These results provide strong evidence to emphasize that patients with 
SFTS should be carefully monitored for the development of AKI and 
corresponding measures should be taken to prevent it, and further 
explorations are required to identify the risk factors for the 
development of AKI.
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Glossary

AKI acute kidney injury

ALT alanine aminotransferase

AST aspartate aminotransferase

ALP alkaline phosphatase

AMY amylase

APTT activated partial thromboplastin time

BNP brain natriuretic peptide

BUN blood urea nitrogen

CK creatinine kinase

CK-MB creatinine kinase myocardial B fraction

CRP C-reactive protein

Cys-C cystatin C

ESR erythrocyte sedimentation rate

GGT gamma glutamyl transpeptidase

INR international normalized ratio

IL-6 interleukin-6

LDH lactate dehydrogenase

β2-MG β2-microglobulin

OBT occult blood test

PLT platelet

PT prothrombin time

PTA prothrombin activity

PCT procalcitonin

sCr serum creatinine

SFTS severe fever with thrombocytopenia syndrome

TBIL total bilirubin

TC total cholesterol

TG triglyceride

TT thrombin time

TnI troponin I

UPT urine protein test

UOBT urine occult blood test

WBC white blood cell
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The Marburg virus (MV), identified in 1967, has caused deadly outbreaks 
worldwide, the mortality rate of Marburg virus disease (MVD) varies depending 
on the outbreak and virus strain, but the average case fatality rate is around 
50%. However, case fatality rates have varied from 24 to 88% in past outbreaks 
depending on virus strain and case management. Designated a priority pathogen 
by the National Institute of Allergy and Infectious Diseases (NIAID), MV induces 
hemorrhagic fever, organ failure, and coagulation issues in both humans and non-
human primates. This review presents an extensive exploration of MVD outbreak 
evolution, virus structure, and genome, as well as the sources and transmission 
routes of MV, including human-to-human spread and involvement of natural 
hosts such as the Egyptian fruit bat (Rousettus aegyptiacus) and other Chiroptera 
species. The disease progression involves early viral replication impacting 
immune cells like monocytes, macrophages, and dendritic cells, followed by 
damage to the spleen, liver, and secondary lymphoid organs. Subsequent spread 
occurs to hepatocytes, endothelial cells, fibroblasts, and epithelial cells. MV can 
evade host immune response by inhibiting interferon type I (IFN-1) synthesis. This 
comprehensive investigation aims to enhance understanding of pathophysiology, 
cellular tropism, and injury sites in the host, aiding insights into MVD causes. 
Clinical data and treatments are discussed, albeit current methods to halt MVD 
outbreaks remain elusive. By elucidating MV infection’s history and mechanisms, 
this review seeks to advance MV disease treatment, drug development, and 
vaccine creation. The World Health Organization (WHO) considers MV a high-
concern filovirus causing severe and fatal hemorrhagic fever, with a death rate 
ranging from 24 to 88%. The virus often spreads through contact with infected 
individuals, originating from animals. Visitors to bat habitats like caves or mines 
face higher risk. We tailored this search strategy for four databases: Scopus, Web 
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of Science, Google Scholar, and PubMed. we primarily utilized search terms such 
as “Marburg virus,” “Epidemiology,” “Vaccine,” “Outbreak,” and “Transmission.” To 
enhance comprehension of the virus and associated disease, this summary offers 
a comprehensive overview of MV outbreaks, pathophysiology, and management 
strategies. Continued research and learning hold promise for preventing and 
controlling future MVD outbreaks.

KEYWORDS

filovirus, pathogenesis, Marburg virus, epidemic, vaccine, treatment

1. Introduction

The Marburg virus (MV) has emerged as a significant global 
threat, instigating multiple fatal outbreaks with a considerable 
mortality rate since its discovery and characterization in 1967. Its 
initial appearance spanned regions including Marburg, Frankfurt 
(Germany), Yugoslavia (now Serbia), and Belgrade, with Africa 
primarily bearing the brunt of its impact (Brauburger et al., 2012). 
According to the National Institute of Allergy and Infectious 
Diseases, the main cause of MVD is Marburg virus (Bente et al., 

2009). The virus’s nomenclature stems from the city where it is 
devastating effects were most pronounced, resulting in seven deaths 
among 31 early patients (Brauburger et  al., 2012). Investigation 
subsequently unveiled the virus’s origin in imported Ugandan green 
African monkeys (Gear et al., 1975). Contrary to the belief that MV 
posed a lesser threat, significant outbreaks in the Democratic 
Republic of the Congo (DRC) from 1998 to 2000 and in Angola from 
2004 to 2005 demonstrated a fatality rate of 83% and 90%, 
respectively, dispelling this notion (Bausch et al., 2006; Qiu et al., 
2014). Different variants were connected to the outbreak in the DRC, 
but just one version spread from person to person in Angola 
(Bertherat et al., 1999; Bausch et al., 2006). By 2008, reported MV 
cases surged to 452, with 368 confirmed deaths, raising concerns of 
underreporting (Brauburger et  al., 2012). Despite receiving less 
media attention than its Filoviridae counterparts, MV’s elevated 
fatality rates underscore its significance. Recent cases in Guinea, 
Ghana, and the ongoing Equatorial Guinea outbreak accentuate the 
necessity for continuous surveillance and containment. The latter 
reported a swift succession of deaths, and Tanzania also reported 
fatalities attributed to the virus, highlighting the ongoing threat 

GRAPHICAL ABSTRACT

Abbreviations: CIRMF, Centre Interdisciplinaire de Recherches Médicales de 

Franceville; DRC, Democratic Republic of Congo; EBOV, Ebola virus; EUNID, 

European Network for Infectious Diseases; GP, Glycosylated protein; HLIU, High-

level isolation unit; HPV, Human papillomavirus; IFN, Interferons; L, Large protein; 

MV, Marburg virus; MVD, Marburg virus disease; NHPs, Non-human primates; 

NIAID, The National Institute of Allergy and Infectious Diseases; PPE, Personal 

protective equipment; RT-PCR, Real-time polymerase chain reaction; VSV, Vesicular 

stomatitis virus; WHO, World Health Organization.
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(Manohar et al., 2023). MVD’s impact spans hemorrhagic fever and 
organ dysfunction in both humans and non-human primates, 
affecting the liver, spleen, brain, kidneys, and causing coagulation 
anomalies (Mehedi et al., 2011; van Paassen et al., 2012). As a member 
of the Marburg virus genus within the Filoviridae family and 
Mononegavirales order, MV comprises a distinct species (Bukreyev 
et  al., 2014). Its zoonotic connection to the Egyptian fruit bat 
(Rousettus aegyptiacus) and human-to-human transmission parallel 
other Ebola viruses, such as Sudan virus, Bundibugyo virus, and 
EBOV. Ongoing research has elucidated MV’s natural sources, 
including Hipposideros caffer, in tandem with Rousettus aegyptiacus 
(Towner et  al., 2009). With an average incubation period of 5 to 
10 days, ranging from 3 to 21 days, the virus infiltrates immune cells 
like monocytes, macrophages, and dendritic cells via compromised 
skin or mucosal surfaces. It initiates replication in the spleen, liver, 
and secondary lymphoid organs before propagating to hepatocytes, 
endothelial cells, fibroblasts, and epithelial cells. Additionally, it 
thwarts interferon type I (IFN-1) production (Yu et al., 2021). This 
review explores the evolutionary course of MVD outbreaks, 
succinctly delineating the virus’s structure and genome, elucidating 
MV’s origins, and detailing its diverse transmission modes among 
humans and non-human sources. We  comprehensively examine 
MVD’s genesis through scrutinizing pathophysiology, cellular 
tropism, immune evasion, and critical host injury sites. Additionally, 
this overview encompasses current clinical data and treatments, 
underscoring the vital need for robust research to foster effective 
drugs and vaccines. By deepening comprehension of the virus’s 
historical progression and infection mechanisms, this review 
strengthens defenses against MV disease, driving the innovation of 
therapeutic agents and vaccines, thus supporting future researchers 
in countering this enduring health threat.

2. Mutational analysis and genome 
composition

The Marburg virus (MV) exhibits an enveloped and pleomorphic 
structure, displaying uniform diameter but variable length 
filamentous, non-segmented, rod-like, cobra-like, circular/annular, 
and branched particles (Chakraborty et al., 2022; Islam et al., 2023a). 
Its viral genome encompasses seven open reading frames (ORFs), 
namely nucleoprotein (NP), virion protein 35 (VP35), VP40, VP30, 
VP24, glycoprotein (GP), and large viral polymerase, all characterized 
as single-stranded negative-sense RNA (-ssRNA; Zhao et al., 2022). 
The non-coding regions of these seven genes contain cis-acting 
elements implicated in DNA replication, transcription, and packaging 
(Feldmann et al., 1992; Sanchez et al., 1993). The 3′ and 5′ ends of 
these genes possess unusually long non-coding nucleotide sequences 
and highly conserved transcription start and stop signals (Feldmann 
et al., 1992; Sanchez et al., 1993). Intergenic regions separate all MV 
genes except two, ranging from 4 to 97 nucleotides in length, and the 
transcription start and stop signals of the VP24 and VP30 genes share 
an overlapping sequence of five nucleotides (UAAUU). The 
nucleocapsid complex, comprising structural proteins NP, VP35, 
VP30, and L, envelops the MV genome (Becker et al., 1998). VP35, 
acting as a polymerase cofactor, and L, functioning as an 
RNA-dependent RNA polymerase, are essential for replication and 

transcription of viral genomes (Mühlberger et al., 1999). The host-
derived membrane layer of MV is regularly spiked, where highly 
glycosylated protein (GP) plays a key role in binding to receptive host 
cells (Feldmann et  al., 1991). VP40, responsible for budding and 
binding to the matrix and nucleocapsid, constitutes the inner matrix 
of a virion (Kolesnikova et  al., 2004; Swenson et  al., 2004). The 
interaction of the protein VP24 with the membrane NP and other cell 
membranes is vital for the release of virion progeny. Table 1 provides 
an overview of the characteristics and functions of the proteins in 
MV (Bamberg et al., 2005). Phylogenetic analysis of Marburg virus 
sequences has been conducted to ascertain sequence cohesion and 
identify splits between sequences of particular interest and well-
known sequences that exhibit unexpectedly deep divergence 
(Peterson and Holder, 2012). From cDNA clones made from genomic 
RNA and mRNA, the first 3,000 nucleotides of the Marburg virus 
genome were identified (Sanchez et al., 1992). There is up to 21% 
nucleotide diversity among previously characterized East African 
strains of the Marburg virus, according to partial Marburg virus RNA 
sequence study (Towner et al., 2006). Serial passages of Marburg 
virus resulted in a single mutation in the region encoding the 
glycoprotein (GP; Alfson et  al., 2018). To clarify the relationship 
between various Marburg virus strains, phylogenetic analysis of full-
length or partial genomes of Marburg viruses obtained from people 
or bats has been carried out (Towner et  al., 2009). Phylogenetic 
analysis showed the 2021 Guinean Marburg virus’ relationship to 
strains from the 2004–2005 Marburg virus outbreak in Angola, which 
are related to Marburg virus sequences obtained from bats in Sierra 
Leone (2017–2018). The viral genome sequence of the 2021 Guinean 
Marburg virus was recovered to 99.3% (Magassouba, 2021). 
Sequential mouse passaging and cell-culture adaption during deep 
sequencing of the Marburg virus genome have shown significant 
changes over time (Wei et al., 2017). An analysis was performed on 
the sequencing data to identify sites in viral mRNAs (Shabman et al., 
2014). Structural and functional studies on the Marburg virus GP2 
fusion loop have also been conducted (Liu et al., 2015). Marburg 
virus has been subjected to mutational and phylogenetic analysis, and 
the genome has been sequenced to identify changes over time shown 
in Figure 1 (Mühlberger, 2007).

3. Epidemiology

3.1. MVD outbreak in 1967

In the European outbreak, most patients between 2 and 7 days 
after the onset of symptoms had non-itchy rash. The diseases were 
linked to three laboratories in different cities that had each received 
an infected cargo of African green monkeys. The first MVD outbreak, 
which was documented in 1967 and was brought on by laboratory 
workers in Germany and Serbia handling green African monkeys 
called grivets (Chlorocebusaethiops), was brought on by these imports. 
According to grivets’ reports, staff employees were primarily exposed 
to these sick wild animals’ meat and organs, which caused them to 
contract MV (Mehedi et al., 2011; Languon and Quaye, 2019). Seven 
patients died as a result of the sickness, which affected a total of 31 
patients and was caused by 25 primary and 6 secondary infections 
(Deb et al., 2023).
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TABLE 1 Marburg virus: genes, proteins, characteristics, and functions.

S. no Gene 
(sequence)

Protein 
(abbreviation)

Description Amino 
acid

Functions Gene 
length

References

1. NP Nucleoprotein (NP) Binds to VP35 protein, VP40, 

VP30, and VP24, and is a 

component of the RNP complex. 

It also undergoes phosphorylation 

and homo-oligomerizes to form a 

helical polymer. Additionally, it is 

the second-most prevalent 

protein found in virions.

695 Creation of NC and 

cellular inclusion 

body; Encapsidation 

of RNA genome as 

well as antigenome; 

Replication and 

transcription; Budding

2,796/2,088 DiCarlo et al. 

(2011), Brauburger 

et al. (2015), and 

Liu et al. (2017)

2. VP35 Viral protein 35 RNP complex components that 

bind to dsRNA, NP, and L and 

homo-oligomerize. They are also 

weakly phosphorylated.

329 Formation of NC; 

RdRp cofactor; 

Replicase transcriptase 

cofactor; IFN 

antagonist

1,557/990 Bale et al. (2012), 

Brauburger et al. 

(2015), Edwards 

et al. (2016), and 

Bruhn et al. (2017)

3. VP40 Viral Protein 40 It homo-oligomerizes to form 

dimers, circular hexamers, and 

octamers, binds ssRNA and 

VP35, and is one of the most 

common proteins in virions and 

infected cells.

303 Matrix component: 

Negative regulator of 

transcription and 

replication; Budding 

and host adaption; 

regulation of the 

morphogenesis of the 

virion and egress; 

hinders JAK–STAT 

pathway

1,405/912 Kolesnikova et al. 

(2012), Brauburger 

et al. (2015), 

Koehler et al. 

(2018), and Amiar 

et al. (2021)

4. GP Glycoprotein (GP1,2) Uses GP1 and GP2 subunits to 

create heterodimers; the mature 

protein is found as a trimer of 

GP1,2 heterodimers; can insert 

into membranes; Acylated, 

substantially N- and 

O-glycosylated and 

phosphorylated. Class I fusion 

and type I transmembrane 

protein, along with ADAM17, 

convert GP1,2 into soluble GP1,2.

681 Attachment of virions 

to susceptible cells 

using cellular 

attachment factor: 

determination of cell 

and tissue tropism; 

Receptor binding; 

induction of virus-cell 

membrane; Tetherin 

antagonist;

2,846/2,046 Carette et al. (2011) 

and Brauburger 

et al. (2015)

5. VP30 Viral protein 30 

activator

RNP complex components with 

high phosphorylation, ssRNA, 

NP, and L binding, as well as a 

zinc binding domain.

281 Formation of NC; 

Initiation, reinitiation 

and antitermination 

and enhancement of 

transcription

1,249/846 Enterlein et al. 

(2006), 

Wenigenrath et al. 

(2010), and Wan 

et al. (2017)

6. VP24 Viral protein 24 Components of the RNP 

complex; homo-tetramerizes; 

connected with the hydrophobic 

membrane.

253 Formation and 

maturation of NC; 

Negative regulation of 

transcription; 

regulation of 

replication; virion 

morphogenesis 

regulatory function

1,287/762 Edwards et al. 

(2014), Page et al. 

(2014), Zhang et al. 

(2014), Brauburger 

et al. (2015), and 

Wan et al. (2017)

7. L Large protein (L) RNP complex components that 

bind to VP35, VP30, genomic, 

and antigenomic RNA, as well as 

mRNA capping enzymes, and 

homodimerize.

2,331 Catalytic domain of 

RdRp; Replication of 

genome; Transcription 

of mRNA

7,745/69,96 Koehler et al. 

(2016) and 

Kirchdoerfer et al. 

(2017)
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3.2. MVD outbreak in 1975

In 1975, the MVD outbreak marked the second recorded instance 
of the disease and the initial occurrence in Africa. It took place in 
Johannesburg, South Africa, involving three cases and resulting in 
one fatality. The outbreak originated from a 20-year-old Australian 
man who had journeyed to Zimbabwe (then Rhodesia) and explored 
several bat-inhabited caves. After his return to Johannesburg, 
he  exhibited symptoms such as fever, headache, myalgia, and 
vomiting, ultimately succumbing on 5 February 1975. His travel 
companion and a nurse who cared for him were secondary cases, 
both of whom survived through supportive treatment. Swift case 
isolation and contact tracing successfully contained the outbreak. 
While the source of infection remained unconfirmed, suspicion 
centered on the index case acquiring the virus through exposure to 
bats or their droppings within the caves (Gear et  al., 1975; Abir 
et al., 2022).

3.3. MVD outbreak in 1980

In 1980, Kenya experienced the third documented outbreak of 
Marburg-virus disease. The initial patient contracted the infection in 
western Kenya, leading to the subsequent infection of a doctor in 
Nairobi who had close contact with the patient, ultimately resulting in 
severe haematemesis. However, no additional instances of 
transmission within medical settings were observed. Surveillance 
efforts in western Kenya did not uncover evidence of Marburg-virus 
disease, but they did indicate the potential existence of Ebola 
hemorrhagic fever (Smith et al., 1982).

3.4. MVD outbreak in 1987

In 1987, a single case of MVD outbreak emerged in Kenya, centering 
around a 15-year-old Danish boy who fell victim to the infection and 
subsequently passed away. The boy had encountered the virus within a 
cave inhabited by Egyptian fruit bats. This marked the inaugural 
documented instance of Ravn virus transmission, a near kin of the 
Marburg virus responsible for MVD. Effective containment measures 
were enacted through patient isolation and contact tracing, successfully 
preventing the emergence of secondary cases (Johnson et al., 1996).

3.5. MVD outbreak in 1998 and 2000

In both 1998 and 2000, there was a single MVD outbreak situated 
in Durba, Democratic Republic of the Congo (DRC). The affected 
individuals were gold miners who toiled within a mine known to 
be  home to Egyptian fruit bats, the virus’s natural reservoir. This 
outbreak encompassed a total of 154 cases and tragically led to 128 
fatalities, resulting in an 83% case fatality rate. Remarkably, this 
marked the initial occurrence of a substantial MVD outbreak and the 
primary instance of a combined outbreak involving Marburg virus 
and Ravn virus. These two closely related viruses both contribute to 
causing MVD (Colebunders et al., 2007; Towner et al., 2009).

3.6. MVD outbreak in 2004 and 2005

A second significant MV outbreak in the Uige region of Angola 
began in October 2004 and lasted until July 2005. The root cause of 

FIGURE 1

The structure of the Marburg virus and the organization of its genome are depicted in the figure. The upper portion of the figure shows the structure of 
the virus and identifies the structural proteins. The genomic organization of the seven-gene Marburg virus strain is depicted in the lower section of the 
figure, which has been crudely scaled. Light blue boxes indicate non-coding regions, whereas colored boxes depict the coding sections of genes. 
Except for the overlap between VP24 and VP30, which is depicted as a black triangle, the genes are separated by intergenic regions, as shown by the 
black arrows. At the ends, the 3′ and 5′ trailer sequences are also displayed. Bio render software was used to create this figure (Abir et al., 2022).
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the epidemic, which later spread to other provinces, was discovered 
to be the death of a hospital employee in Uige. This epidemic has the 
highest number of illnesses and deaths linked to a single outbreak to 
date, with 252 cases of infection and 227 fatalities (a 90% mortality 
rate). An epidemic that occurred in Uganda in 2007 only resulted in 
four confirmed cases. The patients were Ibanda district workers at the 
Kitaka mine. The two workers contracted the disease after sharing a 
tent camp with the index case in the Kashoya-Kitomi Central Forest 
Reserve close to the mine. The fourth patient was working at the mine 
when the epidemic started, without any personal protective 
equipment (PPE). The mining adit was surrounded by bats, and the 
only personal protective equipment (PPE) accessible was a pair of 
gloves; masks, respirators, or goggles were not. The main source of 
infection was direct contact with bats or bat excretions. During this 
epidemic, MV was isolated from Rousettus aegyptiacus, and the first 
definite filovirus reservoir was discovered by sampling bats (Languon 
and Quaye, 2019).

3.7. MVD outbreak in 2012 and 2017

On 29 November 2012, the Ugandan Ministry of Health declared 
MV infection in Uganda. The Ugandan districts of Kabale, Ibanda, 
Mbarara, and Kampala have recorded about 15 fatalities and 8 
probable cases (Deb et al., 2023). This outbreak in the Ibanda district 
occurred concurrently with the 2007 MV disease outbreak in the 
Kitaka mining region. As a result, Rousettus aegyptiacus bats were 
once more connected to the outbreak in 2012. It is interesting to note 
that the epidemic hit the Rousettus aegyptiacus bat population during 
the second half of the yearly viral cycle (Languon and Quaye, 2019). 
Additionally, the genome sequences of this MV strain and the MV 
strain that had previously been identified in Egyptian fruit bats were 
similar. A health worker contracted the disease and succumbed to it 
in Kampala, Uganda in 2014, where an epidemic also occurred 
(Nyakarahuka et al., 2017). In 2017, a new MV outbreak occurred in 
the Kween region of Uganda. The four family members who became 
MV-infected during this outbreak only had one survivor 
(Nyakarahuka et al., 2019). Nevertheless, extensive studies are still 
being conducted because the clinical evidence for this outbreak is 
still insufficient.

3.8. MVD outbreak in 2021

Last but not least, Guinea saw its most recent outbreak in August 
2021, which was eventually contained in September 2021. One man 
became ill and died during this time, but the strain is still unclear 
(Aborode et al., 2022; Makenov et al., 2023; WHO, 2023a).

3.9. MVD outbreak in 2023

Between 7 January and 7 February 2023, two villages in the 
Nsock Nsomo district of the Ro Muni area in the eastern Kie-Ntem 
province experienced at least eight fatalities. The affected individuals 
presented symptoms such as fever, weakness, vomiting, and bloody 
diarrhea. In two cases, skin lesions and otorrhagia were also observed. 
On 9 February 2023, health authorities collected blood samples from 

eight contacts and submitted them to the Centre Interdisciplinary de 
Recherches Médicales de Franceville (CIRMF) in Gabon. However, 
real-time polymerase chain reaction (RT-PCR) testing at CIRMF 
yielded negative results for the presence of Marburg and Ebola 
viruses (WHO, 2023a). On 12 February 2023, additional blood 
samples were obtained from different contacts and sent to the 
Institute Pasteur in Dakar, Senegal. RT-PCR testing confirmed one of 
these samples to be  positive for the Marburg virus. The patient 
associated with this confirmed case displayed symptoms of fever, 
bloodless vomiting, bloody diarrhea, and convulsions, ultimately 
succumbing to the infection on 10 February 2023, at Ebebiyin 
District Hospital. This case was linked to four other deceased cases 
originating from one of the villages in the Nsoc-Nsomo District. As 
of 21 February 2023, a total of nine cases have been reported, 
consisting of one confirmed, four probable, and four suspected cases, 
all of which resulted in fatalities. Health workers have not been 
affected, and 34 contacts remain under surveillance. After the initial 
outbreak, on 13 March 2023, two individuals from Kié-Ntem 
province, and on 15 March 2023, one person from Litoral province, 
tested positive for the Marburg virus through RT-PCR. On 18 and 20 
March, three more laboratory-confirmed cases were reported from 
Litoral province, and on 20 March, two additional cases were 
identified in Centre Sur province. The extensive geographical spread 
of the infections and the uncertain epidemiological situation in 
Centre Sur Province raise concerns that the virus may be spreading 
undetected within the community (WHO, 2023a). Table 2 represents 
different outbreak of Marburg (Figure 2).

3.10. Socioeconomic impact of MVD 
outbreaks

The socioeconomic impact of MVD outbreaks can significantly 
affect countries with weaker economies, leading to inadequate 
containment and management (Manohar et al., 2023). Epidemics 
can interact at the host population, influencing one another’s severity 
and trajectories when they co-occur (Reuben and Abunike, 2023). 
MVD outbreaks can result in fatalities and socioeconomic 
consequences, including loss of tourism (Nyakarahuka et al., 2017). 
Comprehensive research of MVD is necessary given its link to MV 
infection and the disease’s high fatality rate of up to 90% (Abir et al., 
2022). The Filoviridae family, including MV, has caused significant 
loss of human and animal lives (Languon and Quaye, 2021). Past 
outbreaks have exhibited varying case fatality rates, ranging from 
24% to 88%, contingent upon virus strain and case management 
(WHO, 2021a). According to the World Health Organization 
(WHO), MVD is a highly contagious disease that can cause 
hemorrhagic fever and has a death rate of up to 88%. The WHO 
advises treatment of symptoms, oral or intravenous rehydration, and 
supportive care to increase survival. Although continuing analyses 
of prospective remedies, such as blood products, immunological 
therapies, and pharmacological therapies, are being conducted, there 
is currently no known cure for MVD (WHO, 2023b). Case 
management, surveillance, contact tracing, a well-functioning 
laboratory service, safe and respectable burials, and social 
mobilization are only a few of the actions that are needed to suppress 
outbreaks. Community involvement is also essential for effective 
epidemic control (WHO, 2021a).
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4. Source and transmission of Marburg 
virus

The fruit bat species Rousettus aegyptiacus is the most important 
natural source of MV infection. In addition, some Chiroptera and 
Hipposideros caffer may act as infectious agents. There are several ways 
in which MV strains can be  transmitted from bat to bat. Recent 
research found MV in rectal, oral, and urine samples from infected 
bats as well as in blood and oral samples from bats that had come into 
contact with humans. According to this research, MV is horizontally 
transmitted from infected bats to bat contacts (Schuh et al., 2017). The 
findings of the previous study showed that MV was present in the 
tissues of the lungs, intestines, kidneys, bladder, salivary glands, and 
female reproductive tract of immunized bats, supporting the 
hypothesis that MV transmission might occur (Amman et al., 2012) 
both vertically and horizontally in reservoirs. It has also been 
suggested that bats could spread the illness to one another by bites 
(Amman et  al., 2015), sexual contact (Amman et  al., 2012), or 
hematophagous arthropods (Schuh et  al., 2017). Direct contact 
(injured skin or mucous membranes) with the blood and other bodily 
fluids of infected people (urine, saliva, feces, vomit, breast milk, 
amniotic fluid, and semen) or indirect contact with contaminated 
surfaces and materials, such as contaminated clothing, bedding, and 
medical equipment, are the two main methods of interpersonal 
transmission after infection. Infection may happen if sick people are 
buried (Schwartz, 2019). Infected animals, particularly bushmeat 
(such as monkeys, chimpanzees, forest antelopes, and bats), whether 
alive or dead, can also spread the disease to humans (Figure 3; WHO, 
2021a). Bushmeat consumption has been linked to Ebola virus 
(EBOV) outbreaks (Malik et al., 2023). Because numerous bushmeat 

species, including chimpanzees and forest antelope, are vulnerable to 
virus multiplication and consumption following infection (Heeney, 
2015), they are regarded as intermediate hosts. There is growing 
concern about the persistence of filovirus in the testis as a potential 
route of transmission. Experimental trials have identified persistent 
MV infection of the immunoprivileged testicular tubules in male 
monkeys (Coffin et al., 2018). During the 1967 MV outbreak, the first 
possible case of sexual transmission was found. Two months after the 
recovery of a male patient, symptoms appeared in his wife, which were 
confirmed by the detection of MV antigen in his semen (Feldmann, 
2018). Simultaneous testing of nine other convalescents for MV did 
not detect virus or viral antigen (Slenczka, 2017). In pregnant women, 
filovirus infection is usually more severe than in nonpregnant women, 
which may be  due to decreased immune function or placental 
involvement (Brainard et al., 2016). Based on case reports, viral titers 
have been found in placental tissue, suggesting that hematogenous 
transplacental transmission is the most typical route of fetal infection 
(Bebell and Riley, 2015). Despite the high rates of pregnancy mortality, 
there is no proof that pregnant women are more prone to contracting 
filovirus than other people (Jamieson et al., 2014). Pregnant women 
who have MVD have an increased risk of stillbirths and spontaneous 
abortions (Schwartz, 2019). Little information is available on the 
effects of MVD infection in infants. There have been reports of several 
MVD clusters in newborns, some of whom had very mild symptoms 
(Borchert et al., 2002). MV can be present in the blood, organs, and 
tissues of sick or recovering individuals, suggesting that the virus can 
be transmitted through transfusion and transplantation. Filoviruses 
can survive for a very long time in liquid or dried materials (Piercy 
et al., 2010). They are inactivated by gamma irradiation, heating to 
60°C for 60–75 min, or boiling for 5 min and are sensitive to fatty 

TABLE 2 Outbreaks of Marburg virus (MV).

MVD 
outbreak

Location Transmission Number of 
deaths

Number of 
cases

Case 
fatality rate

Mortality 
rate

References

1967 Germany, 

Serbia

Contact with 

grivets

7 31 22% 22.6% Mehedi et al. (2011), Languon 

and Quaye (2019), and Deb et al. 

(2023)

1975 South Africa Person-to-person 3 3 100% 100.0% Gear et al. (1975) and Abir et al. 

(2022)

1980 Kenya Person-to-person 1 1 100% 100.0% Smith et al. (1982)

1987 Kenya Unknown 1 1 100% 100.0% Johnson et al. (1996)

1998 and 

2000

Democratic 

Republic of 

the Congo

Unknown 128 154 83% 83.1% Towner et al. (2009) and 

Colebunders et al. (2007)

2004–2005 Angola Person-to-person 227 252 90% 90.1% Languon and Quaye (2019)

2012 Uganda Contact with 

Rousettus 

aegyptiacus bats

15 23 60% 65.2% Deb et al. (2023)

2017 Uganda Unknown 3 4 75% 75.0% Languon and Quaye (2019) and 

Nyakarahuka et al. (2019)

2021 Guinea Unknown 1 1 100% 100.0% Nyakarahuka et al. (2019) and 

WHO (2023a)

2023 Equatorial 

Guinea, 

Tanzania,

Unknown 27 29 93% 86.0% WHO (2023a)

143

https://doi.org/10.3389/fmicb.2023.1239079
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Srivastava et al. 10.3389/fmicb.2023.1239079

Frontiers in Microbiology 08 frontiersin.org

FIGURE 3

African fruit bats serve as reservoirs for the Marburg virus, which is conveyed by direct contact, sexual contact, or biting. Humans and non-human 
primates can contract the virus through viral-contaminated fruit consumption or direct contact with the reservoir hosts. Disease transmission can also 
occur through direct contact between NHPs and humans, or from NHPs to humans through bushmeat consumption. The image was created using 
Bio render software.

FIGURE 2

The image shows the distribution of confirmed Marburg virus disease (MVD) cases and associated fatalities. The image illustrates that the MVD 
outbreak in Tanzania was confined to a distinct region, with reported cases concentrated in the Kigoma region. Additionally, the image underscores the 
ongoing MVD outbreak in Equatorial Guinea, characterized by a broader geographical spread of cases. Moreover, the image also denotes further 
instances of MVD outbreaks across different African regions (Abir et al., 2022).
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solvents, sodium hypochlorite, and other disinfectants (Kuhn, 2008; 
Feldmann et al., 2019).

5. Clinical signs and disease 
progression

Marburg virus disease (MVD) has an incubation period of two 
to 21 days. According to the World Health Organization (WHO), 
high fever, severe malaise, and headache are some of the sudden 
symptoms associated with Marburg virus infection. Patients 
frequently complain of muscle pain and pains at the same time. 
Patients may experience severe watery diarrhea, cramping in the 
stomach, nausea, and vomiting on the third day. Up to a week may 
pass during the phase of diarrhea. Patients frequently exhibit a 
characteristic appearance during this stage that is characterized by 
sunken eyes, indifferent facial expressions, and extreme sluggishness. 
Within 2 to 7 days of the onset of symptoms, a non-itchy rash 
commonly develops (Elsheikh et al., 2023). Hemorrhagic signs often 
appear 5 to 7 days after the initial episode, with fatal cases showing 
several sites of hemorrhage. Bleeding from the gums, nasal passages, 
and vagina usually accompany fresh blood in vomitus and feces. The 
problem of spontaneous bleeding at venipuncture sites is particularly 
difficult. High fevers characterize the illness’s severe stage. 
Involvement with the central nervous system might result in 
confusion, irritation, and violence. In the later stages of the illness, 
occasional observations of orchitis, which is defined by inflammation 
of one or both testicles, have been made (around day 15). Most 
frequently, death happens 8 to 9 days after the onset, generally after 
a serious bout of blood loss and a subsequent shock (Elsheikh et al., 
2023). Direct contact with the blood, secretions, organs, or other 
bodily fluids of infected people, as well as with surfaces and objects 
contaminated with these fluids, can result in human-to-human 
transmission of the Marburg virus. This contact can happen through 
cuts, scrapes, or other breaks in the skin or mucous membranes. 
Exposure to fruit bat species can also cause transmission (Elsheikh 
et  al., 2023). An alternative classification of MV clinical features 
includes a “Generalization Phase,” which is characterized by flu-like 
symptoms and rash, an “Early Organ Phase,” which involves 
manifestations in specific organs, like encephalitis or hemorrhages, 
and a “Late Organ/Convalescence Phase,” which is characterized by 
multiorgan failure, shock, coma, and either death or recovery. These 
phases, in that order, correspond to the first 4 days, the next 9 days, 
and the time after day 13 (Asad et al., 2020).

5.1. Phase 1 (generalization phase)

Flu-like symptoms such a high fever (>40°C), a strong headache, 
chills, myalgias, and malaise appear during the generalization phase. 
The fifth day from the start of the disease is when this phase may last, 
after which there is a rapid attenuation. There have been reports of 
exhaustion, general malaise, appetite loss, nausea, vomiting, 
abdominal pain, and excessively watery diarrhea (Feldmann et al., 
2013). Pharyngitis, conjunctivitis, enanthem, dysphagia, and 
dysphagia are additional frequent problems. Before developing into a 
maculopapular rash, a rash may also show up on the face, feet, and 
limbs in the middle to late stages of the generalization phase. Other 

symptoms include lymphadenopathy, leukopenia, and 
thrombocytopenia (Leroy, 2009).

5.2. Phase 2 (early organ phase)

A prolonged high temperature and other nonspecific symptoms 
define the early organ phase, which lasts 5 to 13 days following the 
onset of symptoms. Patients may also experience conjunctival 
infections, edoema, tiredness, dyspnea, viral exanthems, and aberrant 
vascular permeability (Klenk et al., 1999). Neurologic symptoms have 
also been characterized by patients as causing disorientation, 
encephalitis, irritability, psychosis, and aggressiveness (Borchert and 
Van der Stuyft, 2008). About 75% of patients experience hemorrhagic 
symptoms, including hematemesis, ecchymosis, melena, petechiae, 
bloody diarrhea, visceral hemorrhagic effusions, uncontrolled leaking 
from venepuncture sites, and mucosal bleeding. Additionally, 
complaints of bleeding from the nose, gingiva, and vagina have been 
made. The kidney, liver, and pancreas are a few of the damaged organs 
at this point in the illness. Additionally, most infected people displayed 
elevated serum activity (Kuhn, 2008).

5.3. Phase 3 (late organ/recuperative 
phase)

There are two distinct outcomes in the late stages of MV infection: 
either the patient enters a protracted period of recovery or the sickness 
is fatal. Eight to 16 days after the onset of the initial symptoms, death 
frequently occurs. Typically, multiorgan failure and shock are the two 
main causes of demise (Martini et al., 1968). The late organ phase 
begins in nonfatal cases on day 13 and lasts until day 20 and beyond 
as the illness develops. Acute metabolic anomalies including 
convulsions and severe dehydration can cause anuria and multiple 
organ failure in addition to harming the patient’s general health. At 
this time, orchitis has occasionally been identified. The neurological 
problems are still there currently. Women who are pregnant who 
have spontaneous.

6. Pathogenesis of MVD

MVD models, and lab animals can all be used to study host 
pathophysiology and immune responses, as is widely recognized. 
Currently, NHPs (mainly cynomolgus and rhesus monkeys, African 
vervet monkeys, and baboons), hamsters, guinea pigs, and mice have 
been used to establish four MV disease models. NHPs are the “gold 
standard” among these models because to their great susceptibility 
to MV infections, which are almost always fatal, and their specific 
clinical traits that are like those of human infections. Furthermore, 
it has been demonstrated (Bente et al., 2009), that NHPs can directly 
transmit the MV virus through close contact. In the Kenyan case 
from 1987, MV infection was found in the peripheral blood 
mononuclear cell population of infected macaques using 
immunohistochemical, electron microscopy, and flow cytometric 
investigations (Mehedi et al., 2011). These studies also identified 
viral antigen and virions in both circulating and tissue-associated 
macrophages. Thus, the idea that the mononuclear phagocytic 
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system—which consists of macrophages, monocytes, Kupffer cells, 
and dendritic cells—is the first cell type that MV infection targets—
has been put forth (Brauburger et al., 2012). The lymph nodes, liver, 
and spleen all displayed the most severe necrotic lesions. 
Reticuloendothelial cells are abundant in the tissues, allowing 
infected cells to spread and infect more organs. At the organ level, 
the liver is a key site for MV replication, and the virus preferentially 
targets lymphoid tissues there (Shifflett and Marzi, 2019). There has 
been monocytoidal, plasma cellular alteration in the lymphatic 
tissue. Sites of necrosis also contain basophilic entities, either in the 
form of inclusion bodies in parenchymal cells or near necrotic cells. 
The other organs, on the other hand, are all affected by infection and 
show pathological changes, such as isolated or widespread necrosis 
without obvious inflammatory responses. Patients on MARD 
typically experience proteinuria, a symptom of renal failure. Grossly 
pale, swollen, and exhibiting significant parenchymal deterioration 
as well as indications of tubular insufficiency, the injured kidneys are 
also enlarged. Plasma cells and monocytes are prevalent in the 
mucous membranes of the stomach and intestines. Alveolar 
macrophages are found in hemorrhagic, obstructed alveoli in the 
lungs, and since fibrin surrounds them, these alveoli occasionally 
stain with viral antigen. In addition to necrosis (Shifflett and Marzi, 
2019). The crimson pulp of the spleen, the lymph nodes’ follicles and 
medulla, as well as the lymphocyte count, are all noticeably necrosed 
in humans. Surprisingly, bystander apoptosis promotes lymphocyte 
loss rather than virus infection of cells. Aspartate aminotransferase, 
alanine aminotransferase, serum glutamic oxaloacetic transaminase, 
and serum glutamic pyruvic transaminase rise are liver tests that are 
suggestive of MV infection because the asialoglycoprotein receptor, 
a receptor specific to the liver, can boost these enzymes. Given that 
the liver produces multiple clotting factors, the pathological 
alterations to the liver are probably a contributing factor to the 
abnormalities in coagulation seen following MV infection. Severe 
MARD patients that undergo multiorgan failure do so as a result of 
the fatal virus’s increased mass effect. A decrease in the production 
of the steroid-synthesizing enzyme, involvement of the adrenal 
gland, and its failure all increase the risk of hypotension and 
hypovolemia, which finally result in shock (Figure 4; Mehedi et al., 
2011). The symptoms of this toxic hemorrhagic fever, which have 
nothing to do with jaundice, include hemorrhagic diatheses in the 
skin and mucous membranes. Most of the histological abnormalities 
in the skin tissue include endothelial cell necrosis, localized 
hemorrhage, swelling, and variable degrees of cutaneous edoema. 
Using immunohistochemical stains, it is possible to identify various 
antigens in epidermal dendritic cells, endothelial cells, and 
connective tissue fibroblasts. The sebaceous and sweat gland 
epithelium also contains these antigens. Viral inclusions and 
particles can be observed inside endothelial cells and connective 
tissue using electron microscopy. Furthermore, it has been shown 
that the structural protein VP40 of the MV successfully aids in 
evading the host immune reaction to IFN (Martines et al., 2015).

6.1. Impact of MV on human organs

Multiple human organs may be harmed by the Marburg virus 
disease (MVD), which can result in organ failure and death (Abir 
et al., 2022). The liver and adrenal glands are the primary targets of 

the virus. Along with lymphocyte depletion, MVD can also harm 
lymphatic tissues by causing necrosis of the follicles, the medulla of 
lymph nodes, and the red pulp of the spleen. It is interesting to note 
that lymphocytes are not infected by the virus, despite the fact that 
bystander apoptosis causes a decrease in lymphocyte numbers 
(Mehedi et al., 2011; Abir et al., 2022). Monocytes and macrophages 
are two examples of mononuclear phagocytic cells that MV targets. 
By activating these cells, MV causes secondary targets like 
endothelial cells to get damaged. The advancement of shock, which 
is the main cause of death in MVD, is caused by the production of 
cytokines and pro-inflammatory mediators by activated 
macrophages and monocytes. The virus can also result in 
hemorrhagic signs, increased vascular permeability, and aberrant 
coagulation, all of which are interconnected and lead to the 
emergence of the classic symptoms of viral hemorrhagic fever 
(Mehedi et al., 2011; Abir et al., 2022). Orchitis (inflammation of 
the testicles) has been observed in male survivors, and central 
nervous system involvement can cause disorientation, irritability, 
and violence (Mehedi et al., 2011).

6.2. Diagnosis of MV

Due to the fact that the symptoms and signs of MVD overlap with 
those of endemic illnesses like Ebola and Lassa fever as well as 
infectious diseases like malaria, dengue fever, and typhoid fever, it can 
be  difficult to diagnose. The fact that MVD symptoms cannot 
be  present at first presentation and that fever may even go away 
entirely during the disease adds to its complexity (CDC, 2023a). This 
makes MVD prone to misdiagnosis, particularly outside of outbreak 
situations. Additionally, some women have presented with abortion 
as a manifestation of the disease, and pregnant females affected by 
MVD have shown higher mortality rates (CDC, 2023a; Roy et al., 
2023). To properly manage the illness, a prompt and correct laboratory 
diagnosis is essential. PCR, immunoglobulin M Capture ELISA, and 
enzyme-linked immunosorbent assay (ELISA) are crucial confirming 
procedures for the diagnosis of MVD (Marburg Virus Disease). While 
IgG capture ELISA is used for late confirmation or finding recovered 
cases, the IgM capture ELISA is particularly helpful for early disease 
confirmation. Testing in Biosafety Level-IV laboratories is required for 
MVD diagnosis since handling the virus has a high level of risk (Islam 
et al., 2023b). To optimize efficiency and cost-effectiveness for the 
Ghanaian government, it is crucial to utilize advanced technologies 
and efficient transportation methods (CDC, 2023a; Roy et al., 2023). 
By implementing these measures, a limited number of laboratories can 
handle many samples quickly, while ensuring all necessary safety 
protocols are strictly adhered to. This approach will not only accelerate 
the diagnosis process but also enhance overall containment and 
protection against the spread of the virus.

7. Control and prevention of MV

To prevent the disease’s spread, the WHO has prescribed several 
measures to manage the virus (Mittler et al., 2018). When caring for 
patients with suspected or confirmed Marburg virus infections, 
healthcare professionals should take extra precautions to prevent 
infection. This means avoiding contaminated things and surfaces 
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including soiled bedding and clothing in addition to the patient’s 
blood and bodily fluids. When near patients with MVD (within 1 m), 
healthcare staff should wear gloves, a clean, non-sterile long sleeve 
gown, and facial protection (a face shield or a medical mask and 
goggles). Residents of the affected areas should endeavor to educate 
the public about the signs and symptoms of the virus and the 
precautions that must be taken to prevent a pandemic. Healthcare 
professionals should think about building isolation units to 
immediately segregate MV-infected patients and stop person-to-
person transmission (Brauburger et al., 2012). With the creation of 
accurate test diagnoses for suspected instances, the concept of halting 
transmission will also be  strengthened even more. Contrary to 
previous epidemics, the deployment of barrier nursing techniques 
and training of hospital staff have benefited the general populace and 
decreased the incidence of nosocomial infections. Safe burial 
practices, sanitation standards, and public awareness campaigns are 
necessary to keep the virus under control since, as previously 
mentioned, close contact with the remains of infected people also 
contributes to the transmission of infection (Brauburger et al., 2012). 
Additionally, it is important to avoid direct contact with bodily fluids 
like blood, saliva, vomit, urine, and other bodily fluids from infected 
people. Additionally, care must be taken when handling vegetative 
items, such as infected needles and pins. It is also advisable to stay 
away from prospective carriers who are still alive and those who have 
passed away (such as monkeys, chimps, gorillas, fruit bats, and pigs; 
Government of Canada, 2023). Additionally, it is imperative that 

visitors to fruit bat colonies’ mines and caves wear gloves and other 
protective gear, including masks. The WHO further advises male MV 
disease survivors to practice safe sex and hygiene for 12 months from 
the onset of symptoms or until their semen has tested negative for 
MV twice (WHO, 2021a). Infection combat for Viral Hemorrhagic 
Fevers in the African Health Care Setting is a set of useful, hospital-
based guidelines that the CDC and WHO have created in order to 
combat this deadly infection. Using locally accessible materials and 
minimal resources, this guideline intends to assist healthcare facilities 
in identifying cases and preventing the transmission of nosocomial 
diseases (CDC, 2023b). The European Network for Infectious 
Diseases (EUNID) outlines strategies for containing group 3 and 4 
pathogen infections. Handling highly infectious diseases (HID) like 
MV requires cautious procedures in labs and hospitals. EUNID 
recommends initiating treatment for MV cases in high-level isolation 
units (HLIU), emphasizing isolation and cautious management. It 
advocates constructing specialized HLIUs for HID patients. 
Emergency departments must follow protocols for suspected MV 
cases. Laboratory personnel should inactivate samples, perform 
bedside tests, and adhere to safety measures. Intensive care for MV 
patients demands extra precautions and well-supported negative-
pressure breathing apparatus. Careful management, including mask 
treatments and intubation, is crucial. Children with MV require 
careful handling to prevent spread. EUNID also offers guidelines for 
investigational interventions, emphasizing patient bedside procedures 
to minimize transmission risks (Brouqui et al., 2009).

FIGURE 4

The pathogenesis of Marburg virus (MV) hemorrhagic fever in humans involves a complex sequence of interactions with various cell types. MV 
predominantly targets dendritic cells, monocytes, liver parenchymal cells, adrenocortical cells, and diverse lymphoid tissues. Dendritic cell infection 
results in compromised T lymphocyte stimulation, inducing lymphocyte apoptosis and subsequent immune suppression. This state amplifies 
cytokines/chemokines levels, culminating in shock and multiorgan damage. T lymphocytes and endothelial cells continue to suffer damage as a result 
of macrophage or monocyte infection, which sets off an unchecked cascade of cytokines and chemokines. Hemorrhaging is facilitated by endothelial 
cell infection, which increases blood vessel permeability and causes disseminated intravascular coagulopathy (DIC). Systemic replication may arise 
from endothelial cell infection. Parenchymal cell infection within the liver diminishes coagulation factors, potentially leading to later hemorrhage 
events. Infection of adrenocortical cells within the adrenal gland results in metabolic disturbances and dysregulated blood pressure, which can 
ultimately culminate in hemorrhage. Lymphoid tissue infections, especially those that affect the lymph nodes and spleen, cause tissue necrosis and 
impair adaptive immunity. In the later stages of the illness, shock and harm to the lymphoid organs can appear.
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7.1. MV’s surveillance strategy

The World Health Organization (WHO) advocates the 
implementation of vigilant surveillance for Marburg virus disease 
(MVD) as a preventive measure against outbreaks, alongside aiding 
countries at risk in formulating preparedness plans (WHO, 2021a). 
The subsequent recommendations, grounded in empirical evidence, 
delineate the optimal approaches for Marburg virus surveillance:

 a. Healthcare practitioners are advised to assess individuals 
exhibiting illness for the presence of Marburg virus disease, 
especially if they have been in close proximity to a person with 
suspected or confirmed MVD within the preceding 21 days or 
have visited an area with an ongoing Marburg outbreak during 
the same period (CDC, 2023c).

 b. Healthcare providers should exercise heightened vigilance and 
conduct evaluations for patients displaying symptoms suggestive 
of MVD (CDC, 2023d).

 c. Health care personnel tending to patients with presumed or 
confirmed Marburg virus infections are to implement 
supplementary infection control measures to avert contact with 
the patient’s blood, bodily fluids, and contaminated surfaces or 
items such as garments and bedding (WHO, 2023b).

 d. A variety of precautions can be taken by those who live in or 
travel to areas where the Marburg virus may be present to protect 
themselves and prevent the virus from spreading. These 
precautions include avoiding contact with the bodily fluids of 
those who are ill, delaying interaction with the semen of those 
who have recovered from MVD until the virus has been proven 
to be  absent, and avoiding animals that may be  carriers 
(CDC, 2023e).

 e. Marburg virus infection is categorized as a notifiable condition, 
necessitating the implementation of rigorous isolation 
precautions in instances of suspected infection. It is imperative 
to emphasize that Marburg virus disease is classified as a 
notifiable condition, mandating healthcare professionals to 
promptly report any confirmed case or suspected instances 
(CDC, 2023e).

7.2. Public awareness campaigns for MV

The Marburg virus infection can be addressed by departmental 
cooperation and public awareness efforts. Public education efforts can 
increase understanding of the disease’s severity and methods of 
prevention, influencing people to adopt healthy habits and seek the 
right medical care (Blasi et al., 2015). To effectively spread information 
and encourage safety precautions, these campaigns can make use of a 
variety of techniques, including media coverage, educational 
initiatives, and social campaigns (Raj, 2008; Akdim et al., 2021). In 
order to successfully use resources and knowledge, departmental 
coordination is crucial for a coordinated response to the disease 
(Kortepeter et al., 2020). The reach and impact of public awareness 
campaigns can be increased by cooperation across many ministries, 
including the Federal Ministry of Information, Federal Ministry of 
Health, and non-governmental organizations (Chagutah, 2009). 
Together, these initiatives can help to prevent, treat, and control the 

Marburg virus disease, thereby reducing its effects on people 
and communities.

7.3. Case studies in MV outbreak 
management

Several strategies are crucial in controlling Marburg virus (MV) 
outbreaks, as evidenced by various scientific studies and expert 
recommendations. Case isolation has been identified as a potent 
measure; a study published by the National Center for Biotechnology 
Information (NCBI) emphasizes that timely case isolation can 
effectively contain a MV outbreak (Ajelli and Merler, 2012). Successful 
outbreak control demands a multifaceted approach, involving case 
management, surveillance, and contact tracing, as advocated by the 
World Health Organization (WHO, 2021a). A robust laboratory 
service also plays a pivotal role in outbreak management, with WHO 
stressing its significance. Thorough evaluation of PCR-based methods, 
focusing on detection limits, proves essential for reliable diagnostics 
during monitoring phases (Timen et al., 2009). Ensuring safe and 
dignified burials for the deceased is another critical aspect of outbreak 
containment, as emphasized by WHO (2021a). Community 
engagement and social mobilization are integral to outbreak control. 
WHO underscores the importance of raising awareness about 
Marburg infection risk factors and protective measures to mitigate 
human transmission (WHO, 2021a). In terms of intervention, the 
development of effective vaccines, antivirals, and other therapeutic 
approaches, alongside appropriate mitigation strategies, emerges as 
paramount. This priority is affirmed by a bibliometric study published 
in Frontiers in Tropical Diseases (Islam et al., 2023a). Collectively, 
these strategies constitute a comprehensive framework for mitigating 
and controlling MV outbreaks.

8. Vaccine strategy of Marburg virus

The illness is caused by a virus that has no known cure and can 
only be passed from person to person or animal to animal through 
direct contact. Getting vaccinated is the greatest way to prevent the 
Marburg virus from spreading. Unfortunately, there is no Marburg 
virus vaccine available for use in the prevention of infection currently. 
Despite this, researchers have been working hard to create a vaccine 
for the Marburg virus, and several potential strategies have been 
assessed. Vaccination strategies, including the use of inactivated or 
destroyed Marburg virus particles, have been studied and assessed 
(Hunegnaw et al., 2021; Cross et al., 2022). This approach involves 
growing the virus in a petri dish and then killing it with heat or 
chemicals. The inactivated viral particles are then employed to create 
a vaccine. Vaccines against numerous viruses, including polio and 
hepatitis A, have been successfully developed using this method. One 
approach that has been studied is the use of a live-attenuated strain of 
the Marburg virus as a vaccine. This method involves making the virus 
less infectious or virulent by laboratory manipulation. After then, the 
engineered virus is used to make a vaccine. Measles and mumps can 
be prevented by the use of vaccines that include reduced forms of the 
infectious agent. The third sort of vaccination strategy that has been 
researched is the use of vaccines that are based on viral vectors. The 
core of this method is to deliver genetic material from the Marburg 
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virus into the body via a non-pathogenic virus. An immune response 
will be triggered by the presence of the genetic material, protecting the 
body from the Marburg virus (Matassov et  al., 2018; Cross et  al., 
2020). Infectious diseases like Ebola can be prevented and treated by 
vaccines that use viruses as “vectors.” A fourth method that has been 
tried and tested is the use of protein-based vaccines. The purpose of 
this method, which involves the use of a protein isolated from the 
Marburg virus, is to provoke an immune response. Vaccines frequently 
include the protein, which has been created using recombinant DNA 
technology. Protein-based vaccines have proven to be  effective, 
leading to the development of preventative measures against diseases 
like human papillomavirus (HPV). Vaccines against Marburg virus 
are currently in development, although there are other choices. 
Possible vaccine targets include the use of vesicular stomatitis virus 
(VSV) as a vector, the VSV-EBOV-MV vaccine is a viral vector-based 
vaccination that protects against both Ebola and Marburg (Woolsey 
et al., 2022). The vaccine is currently being tested in clinical settings 
after displaying encouraging outcomes in preclinical research. The 
Ad26.ZEBOV/MV vaccine delivers antigens against the Ebola and 
Marburg viruses using an adenovirus as a vector. The NIH oversees 
developing this vaccine. After showing promising results in preclinical 
tests, the vaccine is currently being studied in clinical settings. The 
vesicular stomatitis virus (VSV) serves as a vector to transmit genetic 
material from the Ebola and Marburg viruses for the rVSVG-
ZEBOV-GP/MV-GP viral vector-based immunization. Researchers 
from the University of Maryland created this vaccination. The vaccine 
is currently being tested in clinical settings after displaying 
encouraging outcomes in preclinical studies. A Marburg virus vaccine 
known as mRNA-1,360 creates an antiviral protein using mRNA 
technology. The vaccine is currently being tested in clinical settings 
after displaying encouraging outcomes in preclinical studies. The 
Marburg Vax vaccine is a dead virus-based immunization since it is 
made from inactivated Marburg virus particles. Its main goal is to 
provide protection (Jones et al., 2005; Marzi et al., 2019, 2021). The 
vaccine is currently being tested in clinical settings after displaying 
encouraging outcomes in preclinical studies. The creation of a 
Marburg virus vaccine is essential for stopping future epidemics. 
Although there are many ways to make vaccines, the relevant 
authorities have not yet approved any treatments or vaccines for 
MV. Prior to the 2013–2016 EBOV pandemic, there was a paucity of 
significant public sector investment for the development of 
pharmaceutical countermeasures, despite the catastrophic effects of 
filovirus infections on public health. However, funding for basic and 
translational studies of filoviruses has increased since 2016 as a result 
of biodefense and research grants. As a result, the licensing procedure 
for EBOV vaccines and medications to be  used in suppressing 
outbreaks has advanced. With the help of this financing, MV was able 
to expand its study of animal models and preventative measures, both 
of which are essential before the start of clinical testing. In NHP 
research, several approaches have showed promise, and these 
approaches are now being developed via Phase I clinical trials for the 
clinical development of vaccines and antivirals (Marzi et al., 2015; 
Krause et al., 2020). Since almost the moment the virus was identified, 
a MV vaccine has been under development, but results have been 
patchy. Only a few of the prospective MV vaccination platforms have 
shown protective efficacy in NHPs, despite being extensively tested in 
rodent models. The MV glycoprotein (GP) is used by all presently 
available successful vaccine candidates as their primary antigen. It 

offers defense against a variety of RAVV and MV strains. As MV 
vaccines, fast-acting, live-attenuated, non-replicating, and replicating 
viral vector regimens may be utilized in multidose, single-dose, and 
other forms. In the event of an outbreak, reactive vaccination 
campaigns would make use of single-dose, quick-acting vaccinations. 
There are, however, a number of candidate vaccines that could 
be employed for at-risk groups’ regular vaccination. The duration of 
the acquired immunity created by the vaccine will determine whether 
additional immunizations are required (Dean et  al., 2020; 
WHO, 2023c).

8.1. Vaccine status and WHO guideline

The two-day-old vaccine that prevents illness is supported by the 
National Institute of Health. In this investigation, a deadly dose of the 
Marburg virus vaccine was given to rhesus macaques. After 48 h, just 
two of the five to six monkeys that had received the vaccine were still 
alive (Geisbert, 2015). These infections can only be  treated in 
laboratories with the utmost level of safety and containment because 
there are not any licensed immunizations that have been approved for 
use in humans. As indicated in Table 3 (Grant-Klein et al., 2015), 
several vaccination approaches had been developed for the treatment 
of MV in NHP models. There is not a licensed vaccination or antiviral 
medication for MVD now. Supportive therapy that restores lost blood 
and clotting elements while also preserving blood pressure, oxygen 
levels, and electrolyte balance may be helpful. There are several MV 
vaccines developed. For instance, the VSV-MV vaccine, a recombinant 
VSV-based immunization that produces the MV glycoprotein, 
instantly shields hosts from MVD in animal models (Marzi et al., 
2021). Another strategy for prevention against both hemorrhagic 
viruses is the vaccine candidate MVABN-Filo, which contains antigens 
from the Marburg and the Ebola viruses (Barry et al., 2021). A phase 
3 trial that appears to create a powerful defense against the Ebola virus 
is currently being carried out. In addition to developing preventive 
vaccines, researchers are currently striving to develop effective 
postexposure therapies for MVD, such as small molecule antivirals 
and monoclonal antibodies (mAbs) specific to the MV. Researchers 
combined a monoclonal antibody (MR186-YTE) with an antiviral 
(remdesivir) using a non-human primate model of MVD (Cross et al., 
2021). The statistics show that this combination was very effective in 
treating the condition. A summary of the advancement of MVD 
vaccines and experimental therapies is shown in Table  4 (Baby 
et al., 2022).

9. T-705 and remdesivir: promising 
antiviral strategies for Marburg virus 
disease

Two antiviral agents, T-705 (favipiravir) and remdesivir, have 
exhibited efficacy against Marburg virus disease (MVD) through 
preclinical investigations. These agents function as RNA polymerase 
inhibitors, impeding viral replication and transcription processes 
(Furuta et al., 2013; Bixler et al., 2018; Marlin et al., 2022). T-705 
(favipiravir), a pyrazinecarboxamide derivative, boasts comprehensive 
antiviral activity across diverse viruses and holds clinical approval in 
Japan for addressing influenza (Zhu et al., 2018; Zadeh et al., 2022). A 
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research study disseminated by the National Center for Biotechnology 
Information (NCBI) proposes T-705 as a viable therapeutic candidate 
against Marburg virus, particularly valuable for outbreak scenarios 
due to its prompt and secure oral administration following exposure 
(Zhu et  al., 2018; Zadeh et  al., 2022). Angola, a mouse-adapted 
Marburg virus strain, was used to infect mice in a different 
investigation, and T-705 showed excellent survivability in these mice 
(Zhu et al., 2018; Zadeh et al., 2022). Oral dosing that began 1 or 2 
days after infection and continued for 8 days resulted in full mouse 
survival. Remdesivir functions as a monophosphoramidate nucleoside 
prodrug, which undergoes intracellular metabolic alteration into an 
active nucleoside triphosphate form, thereby inhibiting viral RNA 
polymerase (Malin et al., 2020). Notably, a study revealed the curative 
effectiveness of remdesivir in nonhuman monkeys infected with the 
Marburg virus experimentally, particularly when therapy started 5 
days after inoculation (Porter et  al., 2020). Remdesivir was 
demonstrated to be effective against a variety of RNA viruses in vitro 
and using macaque models, including the Ebola virus, Lassa virus, and 
Marburg virus (Malin et al., 2020). This research was published in 
Clinical Microbiology Reviews. It is imperative to acknowledge that 
the efficacy and safety of these agents in human MVD cases remain 
untested. Moreover, the application of antiviral drugs necessitates 
integration with supplementary control measures, including case 
isolation, surveillance, contact tracing, laboratory services, secure 
burials, and community mobilization, to ensure the effective 
management of MVD outbreaks (Cross et al., 2018; Zhu et al., 2018). 
T-705, also known as Favipiravir, has demonstrated effectiveness in 
vitro and in vivo against Marburg virus infection (Zhu et al., 2018). 
Mice that had been intraperitoneally infected with Marburg virus that 
had been modified for mice completely survived when given T-705 
beginning 1 or 2 days after infection and continuing for 8 days (Zhu 
et al., 2018). Vero E6 cells showed no negative effects (Zhu et al., 2018). 
A broad-spectrum antiviral drug called Remdesivir has previously 
shown antiviral effectiveness against filoviruses including the Marburg 
virus (Levien and Baker, 2021). Respiratory failure and organ 
malfunction, including low albumin, low potassium, low red blood 
cell count, low platelet count, which aids clots, and yellow skin 
coloring, are the most frequent side events in Remdesivir trials for 
COVID-19 (Zadeh et al., 2021). Pyrexia, sleeplessness, multi-organ 
malfunction, DVT, and hypersensitivity/anaphylactic reactions 
connected to the infusion are additional negative consequences 
(Levien and Baker, 2021). A combination therapy of monoclonal 
antibodies (mAbs) and remdesivir has been shown to induce an 80% 
protection rate against Marburg virus in rhesus macaques (Cross et al., 

2021; Rees, n.d.). The combination therapy was initiated 5 days post-
inoculation with Marburg virus (Cross et al., 2021). High temperature, 
severe headaches, severe malaise, muscle aches and pains, 
gastrointestinal problems, migraines, and dizziness are all signs of 
Marburg virus sickness (Kortepeter et  al., 2020; WHO, 2021b,c). 
Marburg virus sickness has a case fatality ratio that can reach 88%, but 
it can be significantly reduced with proper patient care (WHO, 2021b). 
In summary, Remdesivir has shown antiviral activity against 
filoviruses like Marburg virus, whereas T-705 has showed efficacy 
against Marburg virus infection in vitro and in vivo. In rhesus 
macaques, monoclonal antibody and remdesivir combination therapy 
has been reported to result in an 80% protection rate against Marburg 
virus. High temperature, severe headaches, severe malaise, muscle 
aches and pains, gastrointestinal problems, migraines, and 
disorientation are all signs of Marburg virus sickness.

10. Emerging therapeutic agents in 
clinical trials

Clinical trials have been conducted for some drugs to treat MV; 
some of these trials have been completed and others are ongoing. MV 
drug development has progressed much more slowly than preclinical 
and clinical trials for the treatment of EBOV. Antiviral effectiveness 
against MV infections in nonhuman primates (NHPs) has long been 
regarded as the gold standard to assess prospective efficacy in humans 
and support subsequent clinical trials, much like EBOV. Following 
exposure in NHPs with advanced disease, several promising 
strategies, such as pan-filoviral small-molecule antivirals and 
MV-specific monoclonal antibodies, have shown excellent success. 
Table 5 shows the biologics currently being tested in clinical trials, 
along with their current status and research center location (Citeline 
Clinical, 2023).

11. Conclusion

The emergence of Marburg virus (MV) has presented a 
complex global challenge characterized by fatal outbreaks and 
significant clinical hurdles. The extensive analysis conducted in 
this study sheds light on the multifaceted nature of MV, 
encompassing its origin, transmission dynamics, clinical 
manifestations, and the intricate interplay between the virus and 
its human hosts. The documented outbreaks underscore the 

TABLE 3 Vaccine efficacy on the non-human primate model.

S. no. Vaccine type Dose Survival % References

1 Virus like particles + RIBI (Vaccine adjuvant) 3 100 Hevey et al. (1998)

2 EBOV GP + SUDV GP + MV GP + RAVV GP 3 100 Ashique et al. (2023)

3 rAD5 (vector) + MV GP + DNA MV GP 4 100 Barry et al. (2021)

4 Intact MV, RAVV 2 50 Swenson et al. (2004)

5 VEEV + MV GP + VEEV-MV NP 3 67–100 Marzi et al. (2021)

6 Cad Vax-Pan Filo 2 100 Cross et al. (2021)

7 MV GP 3 67 Geisbert (2015)

8 VSV + MV 1 100 Grant-Klein et al. (2015)
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TABLE 4 Development of a vaccine and advancements in experimental therapies for Marburg virus sickness.

Vaccine Description Animal studies Clinical trials References

MVA-BN-Filo A multivalent vaccination formulation called 

Mvabea (MVA-BN-Filo) is intended to give 

active acquired immunity to the Sudan virus, 

Ebola virus, Marburg virus, and Tai Forest 

virus.

No data. Eight months after 

immunization, phase 1 results 

showed persistent GP immunity 

against Ebola.

Marzi et al. (2015)

No MV-related findings were 

reported.

rVSV-MVGP A vesicular stomatitis virus vector that is 

recombinant and expresses the MV 

glycoprotein (GP).

100% of animal studies are 

successful. One year after 

the shot

No data. Henao-Restrepo et al. (2017)

cAd3-MV In this immunization, a modified chimpanzee 

adenovirus known as cAD3 is utilized.

No data for cAd3-MV Four weeks following a single 

vaccination, 95% of individuals 

exhibited a glycoprotein-specific 

antibody response, which 

persisted in 70% of them at 

48 weeks.

Dean et al. (2020)

CAdVax-panFilo The complex encodes GPs from EBOV, SUDV, 

and MV as well as GPs from EBOV and MV 

Musoke nucleoproteins.

Antibodies were tested 

against all five filoviruses, 

and no macaques displayed 

symptoms of a clinical 

disease.

No data. Dean and Longini (2022)

DNA plasmid vaccine MV Angola DNA is expressed by a Marburg 

DNA plasmid.

A DNA prime/boost vaccine 

in macaques provided 

protection, although all of 

the animals eventually 

became ill.

In a phase 1 experiment, 10 

participants showed 90% 

antibody responses.

Cross et al. (2022)

TABLE 5 Ongoing clinical trials for therapeutics.

S. no Research study Research place Disease Interceding Status of 
trial

References

1. Healthy Adults Receiving the CAd3-

Marburg Vaccine

WRAIR-clinical trials center, 

silver spring, US

Marburg virus Biological: cAd3 

vaccine

Completed Ashique et al. 

(2023)

2. Single Administration Safety Study American West Coast, 

California

Marburg 

Hemorrhagic 

Fever

Drug:AVI-6003 Completed Ashique et al. 

(2023)Treatment for the Marburg Virus Post-

exposure Prophylaxis

Drug: Placebo

3. Filo and Ad26 from MVA-BN(R). On 

healthy volunteers, ZEBOV vaccines are 

being tested for safety.

Atlanta, Georgia, US Marburg 

Hemorrhagic 

Fever

Biological: Ad26 Zaire 

Ebola Vaccine.

Completed Ashique et al. 

(2023)

Ebola virus 

disease

Biological: MVA 

Multi-Filo Ebola 

Vaccine

4. An investigation on the safety, tolerability, 

and pharmacokinetics of a single dose of IV 

BCX4430

US-Kansas City, Lenexa, 

PRA Health Sciences

Marburg Virus Drug: Galidesivir Active, not 

recruiting

Ashique et al. 

(2023)Drug: Placebo

5. Avi-7,288 Pharmacokinetics, Safety, and 

Tolerability Study in Healthy Adult 

Volunteers

Clinical Pharmacology 

Center at SNBL. USA, 

Baltimore

Marburg 

Hemorrhagic 

Fever

Drug: AVI-7288 Completed Ashique et al. 

(2023)Other: Placebo

6. Marburg and Ebola virus vaccines 9,000 Rockville Pike, 

National Institutes of Health 

Clinical Center, Bethesda, 

Maryland (USA)

Marburg Virus 

Illness

Drug: VRC-

EBODNA023-00-VP

Completed Ashique et al. 

(2023)

Ebola Virus 

Illness

Drug: VRC-

MARDNA025-VP
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urgency of understanding and effectively addressing the threat 
posed by MV to global health security. Throughout this 
investigation, it has become evident that the clinical challenges 
posed by MV are substantial, with its virulent nature leading to 
high mortality rates and a range of severe symptoms. The lack of 
specific antiviral therapies or vaccines further amplifies the 
urgency of comprehensive prevention and control strategies. The 
cases studied emphasize the need for rapid, coordinated responses 
involving healthcare providers, researchers, and governmental 
bodies to curtail the impact of MV outbreaks. The global 
perspective on MV’s emergence emphasizes the need for proactive, 
multidisciplinary approaches to prevent and mitigate its 
devastating impact. The lessons learned from past outbreaks 
underscore the importance of preparedness, collaboration, and 
innovation in addressing this ongoing threat to public health. 
Through these concerted efforts, we can hope to avert future MV 
outbreaks and minimize their toll on human lives.

12. Future perspectives

Looking ahead, several crucial research and intervention 
directions emerge from our analysis. First, continued efforts are 
imperative to elucidate the intricate mechanisms of MV transmission 
from its reservoir hosts to humans, allowing for the identification of 
potential intervention points. Collaborative studies integrating 
virology, epidemiology, and ecology will be pivotal in achieving a 
comprehensive understanding of the virus’s life cycle. Second, the 
development of effective preventative measures remains paramount. 
Advances in vaccine technologies offer promise for the creation of 
MV-specific vaccines, analogous to strategies employed against 
related pathogens. In parallel, research should focus on identifying 

small molecule antiviral compounds that can impede MV replication 
and spread. Third, bolstering healthcare infrastructure in regions 
susceptible to MV outbreaks is essential. Strengthening diagnostic 
capabilities, training healthcare workers in effective infection control 
measures, and establishing rapid response protocols are vital 
components of managing MV cases and preventing 
wider disseminations.
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The two-component system 
CpxAR is required for the high 
potassium stress survival of 
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Introduction: Actinobacillus pleuropneumoniae is an important respiratory 
pathogen, which can cause porcine contagious pleuropneumonia and lead 
to great economic losses to worldwide swine industry. High potassium is an 
adverse environment for bacteria, which is not conducive to providing turgor 
pressure for cell growth and division. Two-component system CpxAR is an 
important regulatory system of bacteria in response to environmental changes, 
which is involved in a variety of biological activities, such as antibiotic resistance, 
periplasmic protein folding, peptidoglycan metabolism and so on.

Methods: However, little is known about the role of CpxAR in high potassium 
stress in A. pleuropneumoniae. Here, we showed that CpxAR is critical for cell 
division of A. pleuropneumoniae under high potassium (K+) stress.

Results: qRT-PCR analysis found that CpxAR positively regulated the cell division 
genes ftsEX. In addition, we also demonstrated that CpxR-P could directly bind 
the promoter region of the cell division gene ftsE by EMSA.

Discussion: In conclusion, our results described a mechanism where CpxAR 
adjusts A. pleuropneumoniae survival under high-K+ stress by upregulating the 
expression of the cell division proteins FtsE and FtsX. These findings are the first to 
directly demonstrate CpxAR-mediated high-K+ tolerance, and to investigate the 
detailed molecular mechanism.

KEYWORDS

Actinobacillus pleuropneumoniae, two-component system, CpxAR, high-K+  stress, cell 
division, ftsEX

Introduction

Actinobacillus pleuropneumoniae is the aetiological agent of porcine pleuropneumonia, a 
serious respiratory disease with high morbidity, high lethality and substantial economic losses 
in the worldwide swine industry (Pattison et al., 1957; Frey, 1995; Sassu et al., 2018). Currently, 
19 serovars of A. pleuropneumoniae have been identified based on the antigenic diversity of the 
capsular polysaccharides and lipopolysaccharides (Stringer et al., 2021; Scherrer et al., 2022). To 
successfully invade the host, A. pleuropneumoniae regulates the expression of its metabolism 
and virulence-related genes to adapt to adverse environments, such as cold, heat and osmotic.
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In bacteria, two-component system (TCS) is a fine signal network 
to sense any change, and regulates the expression of bacterial effectors 
for adaptation and survival (Zschiedrich et al., 2016). To increase their 
adaptability, A. pleuropneumoniae has encoded five two-component 
systems (TCS) to detect and respond to diverse environments, such as 
CpxAR, QseBC, PhoBR, ArcAB and NarPQ (Xu et al., 2008). The 
CpxAR TCS is found in many bacteria, consisting of CpxA (histidine 
kinase) and CpxR (transcriptional regulatory protein), and has been 
implicated in envelope stress responses. In A. pleuropneumoniae, the 
CpxAR plays an important role in heat stress, cold stress, biofilm 
formation, capsule synthesis, and pathogenesis (Li et al., 2018; Yan 
et al., 2020; Yao et al., 2022; Liu et al., 2022a,b).

In A. pleuropneumoniae, the CpxAR modulates biofilm formation 
and virulence by regulating the expression of the pgaABCD operon 
through rpoE (Li et  al., 2018). CpxAR is also found to mediate 
A. pleuropneumoniae stress resistance and virulence by activating the 
expression of WecA, which is essential for O-antigen biosynthesis (Yan 
et al., 2020). Moreover, CpxAR responds to heat stress by suppressing 
the expression of the type IV pilin ApfA, which is prone to misfolding 
and aggregation and therefore reduces bacterial survival under heat 
stress (Liu et al., 2022a). In addition, we demonstrated previously that 
CpxAR contributes to virulence by upregulating the expression of the 
polysaccharide capsule export system CpxDCBA (Liu et al., 2022b).

Potassium (K+) is the major cation in bacterial cytoplasm, and 
essential for maintaining ion homeostasis which is important for 
regulating pH and membrane potential (Ballal et  al., 2007). But, 
excessive K+ is cytotoxic to bacteria, affecting turgor pressure which 
can lead to disturbances in cell growth and division (Sweet et al., 
2021). However, most bacteria have evolved several K+-translocating 
systems to maintain K+ homeostasis, such as TrkAH, KtrAB, KtrCD, 
KdpFABC, KimA, Kup, Kef, YjbQ and KhtSTU (Stautz et al., 2021).

Schmidt and colleagues found that FtsE and FtsX are essential for 
cell division (Schmidt et al., 2004). In addition, previous studies have 
shown that FtsE contributes to the translocation of K-pump to the cell 
membrane including KdpA, TrkH, and Kup (Ukai et al., 1998; Mir 
et al., 2015). In E. coli, disruption of FtsE function exhibited growth 
defect under high-K+ stress (Ukai et al., 1998).

In this study, we  showed that CpxAR contributes to 
A. pleuropneumoniae growth and cell division under high-K+ stress. In 
addition, we confirmed that CpxAR directly activates the expression of 
cell division genes ftsEX. Taken together, our study describes a new 

mechanism by which CpxAR enables A. pleuropneumoniae to adjust its 
survival by up-regulating the expression of ftsEX under high-K+ stress.

Materials and methods

Strains, plasmid, and growth conditions

In this study, A. pleuropneumoniae strain S4074 was used as a 
representative strain, which was grown at 37°C in tryptic soy broth 
(TSB; BD, United  States) added with 10% FBS and 10% (vol/vol) 
nicotinamide adenine dinucleotide (NAD; Biofroxx, Germany). The 
wild-type S4074 and in-frame mutant strain ∆cpxRA were donated by 
Prof. Weicheng Bei (Li et al., 2018). Escherichia coli β2155 was cultured 
at 37°C in Luria-Bertani (LB) with 50 μg/mL diaminopimelic acid 
(DAP; Sigma, USA). The bacterial strains used in this study are listed 
in Table 1, and primers are described in Table 2. The recombinant 
plasmid pJFF224-PftsEX with IPTG-inducible promoter was 
electrically transferred to the ∆cpxRA mutant strains to regulate the 
ftsEX gene expression under the different concentrations of IPTG.

SEM

For scanning electron microscopy (SEM), wild-type S4074 and its 
mutant derivatives were harvested after they were cultured in TSB 
medium supplemented with 10% FBS and 10% NAD with or without 
the supplementation of 0.3 mM KCl. Bacterial cells were fixed with 
2.5% glutaraldehyde and deposited onto copper grids (200 mesh; 
Zhongjingkeyi, China). The copper grids were air-dried, mounted on 
the sample stub and coated with gold. Subsequently, strains were 
observed by the SEM (VEGA3; TESCAN, Czech) and the bacterial 
length was measured by Image J (NIH, United States).

RNA extraction, quantitative RT-PCR, and 
RT-PCR

WT and ∆cpxRA mutant strains were cultivated at 37°C shaking 
in TSB supplemented with 10% FBS and 10% NAD to an OD600 of 0.6, 
centrifuged (3,000 g, 5 min) to gather cells. Total RNA of strains was 

TABLE 1 Bacterial strains and plasmids used in this study.

Strains/plasmids Characteristics Source/reference

A. pleuropneumoniae

S4074 A. pleuropneumoniae reference strain of serovar 1; WT strain From Prof. Weicheng Bei

ΔcpxRA A. pleuropneumoniae 4,074 cpxRA-deletion mutant From Prof. Weicheng Bei

CΔcpxRA Complemented strain of ΔcpxRA; Cmr From Prof. Weicheng Bei

E. coli

DH5α Cloning host for recombinant vector Takara

BL21 Expression protein for recombinant vector Takara

Plasmid

pET-30a Expression vector; Kanr Novagen

pET30a-cpxR pET-30a carrying cpxR gene This study

pJFF224-XN E. coli-APP shuttle vector: RSF1010 replicon; mob oriV, Cmr From Prof. Weicheng Bei

pftsE-gfp pJFF224-XN carrying the ftsE-gfp fusions This study

Cmr, Chloramphenicol resistance; Ampr, Ampicillin resistance; Kanr, Kanamycin resistance.
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extracted using Total RNA Extractor kit (Sangon Biotech, China) 
according to the manufacturer’s instruction. DNA impurity was 
eliminated using DNase I kit (Vazyme, China) according to instruction. 
To determine the quality, the RNA was electrophoresed on a 1% 
agarose gel. cDNA was synthesized using reverse transcriptase from 
Vazyme. Quantitative Real-Time PCR was performed using Real-Time 

Quantitative PCR detecting System and SYBR qPCR Mix (Vazyme, 
China). 16S RNA was used as the endogenous control to normalize 
expression of target genes. The 2−ΔΔCt method was used to calculate and 
analyze relative expression level of mRNA (Livak and Schmittgen, 
2001). RT-PCR across the cdd-ftsX, ftsX-ftsE, ftsE-ftsY, and ftsY-rsmD 
junctions was performed as previously described (Liu et al., 2022a).

TABLE 2 Primers used in this study.

Primer Sequence (5′–3′) a Product Use

ftsE-F/R
CCGTAGTACCCGCCTGATTA

219 Detection the transcription of ftsE
AAGCGCGTATTGCCTTAGAG

ftsX-F/R
CGGTATAAAGGAACGGACGA

208 Detection the transcription of ftsX
GATAACGGCTGGTTGGAAAA

ftsY-F/R
CGTCGTCGGCATACCTAAAT

235 Detection the transcription of ftsY
CGAGCTTGAAACGGAAAAAG

ftsL-F/R
ATGGCAAGTAATGAACGTTATCCGC

287 Detection the transcription of ftsL
TTTTTTATCGACTGTAAACCGAA

ftsI-F/R
GTGGAAGGTTATCGTGTGGC

195 Detection the transcription of ftsI
CGAGAATAACGGCGCAGAA

ftsW-F/R
TCGTATTGATTTTCGGGCGC

153
Detection the transcription of 

ftsWGTTTGGTGCGCATTTCATCG

ftsQ-F/R
TGCTGTACGGACCTGATACC

169 Detection the transcription of ftQ
TCGCCACGACCTAATCTGAG

FtsZ-1-F/R
TTGCCGATGTGAAAACCGTT

154 Detection the transcription of ftsZ
AAGATACCTTTCGCACCGGA

FtsZ-2-F/R
TTTTGTTGCTGTTCTGCCGA

158 Detection the transcription of ftsZ
ATCGGTATTGGCGAATCAGG

ftsB-F/R
GTTGGAGCGATTATCAAGAAGC

161 Detection the transcription of ftsB
CACCATCTCACGTTCGAAGC

ftsA-F/R
TTTTGTGCTTACGGGTGGTG

200 Detection the transcription of ftsA
TTTCGCCATTGCCCTTTTCA

ZipA-F/R
GCGGTTGCGTTTGATATTGC

217
Detection the transcription of 

ZipACAGACAACAGGACAACACGG

ftsH-F/R
AGTCCTTTGGGTAGTGGTCG

208 Detection the transcription of ftsH
CATCGGCATTACGGTTTGGT

ftsK-F/R
TTACCGGCGTGATTAAAGCG

222 Detection the transcription of ftsK
CTCTTGCACGCCAGTTATCC

16SrRNA-F/R
CCATGCCGCGTGAATGA

58
Detection the transcription of 

16SrRNATTCCTCGCTACCGAAAGAACTT

ftsE-EMSA-F/R
CGCCTTTATAAGCTTTACTTACATT

151
Amplification of ftsE promoter 

region for EMSATTATTCGAACACGAAGAATAGCAAT

ftsY-EMSA-F/R
GTATGTTGTTCGGTTTGGA

303
Amplification of ftsY promoter 

region for EMSATTTACTCGGTCGGTGGT

rpoE-EMSA-F/R
TAAAAAGATAAGATAAGCGGTC

273
Amplification of rpoE promoter 

region for EMSAAGTGTGTAACAAAAATGAAAAGT

rpoD-EMSA-F/R
GCGGAAGAAAAGCAAGAGTTGGTCA

151
Amplification of rpoD promoter 

region for EMSATCCATAATTGTATCCGTTTTGTGTG

ftsEX-F/R
CCGCTCGAGACACGAAGAATAGCAATGATTACAA

1737
Amplification of ftsEX genes for 

GFP-ftsEX plasmidAGCAAGGTCATCTCAGAAATGGTACCGTATTTGGAACCGATTCGGAAT

GFP-F/R
AGCAAGGTCATCTCAGAAATGGTACCAGTAAAGGAGAAGAACTTTTCAC

2,257
Amplification of GFP gene for 

GFP-ftsEX plasmidAAGGAAAAAAGCGGCCGCTTATTTGTATAGTTCATCCATGCC

IPTG-ftsEX-F/R
CGGGGTACC AATAGTAGAAAAGGTAAACATAATG

1,650
Expression of ftsEX with the 

inducing of IPTGCGGGGTACC AATAGTAGAAAAGGTAAACATAATG
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Construction of promoter-gfp repoter 
strains and promoter analyses

A ftsE-gfp fusion containing the ftsE promoter region and gfp gene, 
was cloned into the Xho I and Not I sites on the pJFF224-XN plasmid. 
Then, the ftsE-gfp reporter plasmid was electroporated into the wild-
type S4074 and the ∆cpxAR mutant strain. A. pleuropneumoniae strains 
harboring a ftsE-gfp reporter plasmid were grown to an OD600 of 
0.6 in TSB medium with or without the supplementation of 0.3 mM 
KCl. The cells were harvested and resuspended in 1 mL of 10 mM 
PBS. Luminescence was measured in the Spectramax iD3 microplate 
reader with excitation at 485 nm and emission at 535 nm.

Expression and purification of His-CpxR

The purification of CpxR was conducted as previously described (Liu 
et al., 2022b). The E.coli BL21 containing the expression vector pET30a-
CpxR was used to express His-CpxR protein. Expression of His-CpxR 
was induced by IPTG (0.5 mM) at 16°C overnight, and bacteria were 
harvested by centrifuging at 12000 rpm for 10 min. The cell pellet was 
resuspended in binding buffer (50 mM Na3PO4, pH 7.4, 500 mM NaCl, 
30 mM imidazole), and lysed by sonication. The soluble fraction of the 
lysate was added to nickel-nitrilotriacetic acid (Ni-NTA) agarose column 
and mixed on Multipurpose Shaker QB-206 for 3 h. After being washed 
with binding buffer, the His-CpxR protein was eluted with elution buffer 
(20 mM Tris–HCl, pH 7.4, 500 mM NaCl, 500 mM imidazole). The 
purified His-CpxR was then stored at −80°C until use.

Electrophoretic mobility shift assay

The promoter regions of target genes were amplified from the 
A. pleuropneumoniae S4074 genome and tagged with biotin using a 
EMSA Probe Biotin Labeling Kit (Beyotime, China). CpxR protein 
was phosphorylated by acetyl phosphate (Sigma, United  States) 
(Pogliano et  al., 1997). Biotin-labeled DNA probes (1 μM) were 
incubated at room temperature for 20 min with 0–4 pmol CpxR 
protein in binding buffer (Beyotime, China). The reaction mixtures 
were analyzed by 4% non-denaturing polyacrylamide gel 
electrophoresis and transferred to nylon membrane. Next, the band 
was detected using a Chemiluminescent EMSA Kit (Beyotime, China).

Statistical analysis

Experimental data were analyzed by Student’s two-tailed t-tests using 
GraphPad Prism 7.0 (GraphPad lnc.), and shown as mean ± standard 
deviation (SD). Statistical significance was assumed at a p value of <0.05.

Results

Deletion of the cpxRA genes decreases the 
growth of Actinobacillus 
pleuropneumoniae under high-K+ stress

To explore the role of CpxAR in bacterial adaptation to osmotic 
stress in A. pleuropneumoniae, we  tested the growth traits of the 

wild-type S4074 and its cpxRA mutant strain grown in solid or liquid 
medium with or without the supplementation of 0.3 mM KCl or 
0.3 mM NaCl. When the cells were grown in solid medium, the 
growth of the ∆cpxRA strain was markedly reduced with the 
supplementation of 0.3 mM KCl, but similar to that of the WT strain 
with the supplementation of 0.3 mM NaCl or normal medium 
(Figure 1A). Optical density and colony forming units showed that 
the growth rate of the ∆cpxRA strain was significantly lower than that 
of the WT strain when grown with the supplementation of 0.3 mM 
KCl (Figures 1B,C). These findings suggested that the growth defect 
of the mutant strain ∆cpxRA was significantly increased compared 
with that of WT and C∆cpxRA strains under high-K+ stress. These 
results suggested that CpxAR contributes to A. pleuropneumoniae 
survival under high potassium stress.

Deletion of cpxRA affects the cell division 
of Actinobacillus pleuropneumoniae under 
high-K+ stress

To further investigate how the inactivation of cpxRA genes 
affected the growth of A. pleuropneumoniae under high-K+ stress, 
we  used scanning electron microscope (SEM) to observe the 
bacterial morphology of the WT, ∆cpxRA and C∆cpxRA strains 
when they were grown with or without the supplementation of 
0.3 mM KCl. When grown with the supplementation of 0.3 mM KCl, 
the cell length of ∆cpxRA strain showed a 2-fold increase on average 
compared to the wild-type and C∆cpxRA strains (Figures 2A,B). In 
addition, we found that the cell length of ∆cpxRA strain was also 
longer than that of the wild-type and C∆cpxRA strains without K+ 
stress, but the difference was much smaller than that under K+ stress 
(Figures  2A,B). Together, these findings suggested that CpxAR 
regulates cell division to help A. pleuropneumoniae cope with 
potassium stress.

CpxAR regulates the expression of cell 
division genes ftsE and ftsX under high-K+ 
stress

To gain insight into the mechanism of CpxAR affecting the cell 
division of A. pleuropneumoniae, we compared the transcript levels 
of cell division genes in the WT and ∆cpxRA strains by qRT-PCR. As 
shown in Figure 3A, the relative transcript levels of ftsE and ftsX 
were significantly downregulated in the ∆cpxRA strain with or 
without the supplementation of 0.3 mM KCl, but ftsY was not 
(Figure 3A). However, there were no significant changes in the cell 
division genes ftsL, ftsI, ftsW, ftsQ, ftsZ, ftsB, ftsA, zipA, ftsH, and ftsK 
in the ∆cpxRA strain compared with the WT strain 
(Supplementary Figure S1).These results suggested that CpxAR 
regulates the expression of the cell division genes ftsE and ftsX in 
A. pleuropneumoniae.

The cell division genes ftsY, ftsE, and ftsX are adjacent on the 
A. pleuropneumoniae chromosome (Figure 3B). To characterize the 
ftsYEX locus, we performed RT-PCR across the cdd-ftsX, ftsX-ftsE, 
ftsE-ftsY, and ftsY-rsmD junctions. The RT-PCR analysis indicated 
that the ftsY, ftsE, and ftsX genes are co-transcribed as a single 
mRNA and comprise an operon. To verify whether the ftsEX operon 
contributes to A. pleuropneumoniae survival under high-K+ stress, 
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the growth of ∆cpxRA/PftsEX was assayed. When the expression of 
FtsE and FtsX increased with the increase of IPTG concentration, 
the growth defects of the ∆cpxRA strain were significantly rescued 
(Figure 3C). These observations indicated that the ftsEX operon 
plays an important role in A. pleuropneumoniae response to high-
K+ stress.

Here, the prediction results (BDGP)1 showed that the ftsYEX 
operon has two putative promoter regions, respectively, located 
upstream of ftsY and ftsE. To explore the mechanism by which 
CpxR regulates the ftsYEX operon expression, we tested whether 

1 https://www.fruitfly.org/seq_tools/promoter.html

CpxR-P binds to the promoter regions of ftsY and ftsE using gel shift 
analysis. EMSA analysis showed that CpxR was capable to bind with 
the promoter regions of ftsE and rpoE (positive control), but not to 
the promoter regions of ftsY and rpoD (negative control) 
(Figure 3D). In addition, EMSAs showed that phosphorylated CpxR 
did not bind to the promoter sequence of ftsE when 200X of 
unlabeled probes were added (Figure  3E). To examine the link 
between CpxR and the expression of the ftsEX operon, the GFP 
reporter strains for ftsE gene promoter were constructed. As shown 
in Figures 3F,G, fluorescence intensities and confocal microscopy 
analysis showed that the transcrition activity of the promoter was 
significantly decreased in ∆cpxRA strain with or without high-K+ 
stress. Together, these data demonstrated that CpxAR directly 
regulates the expression of ftsEX operon.

FIGURE 1

CpxAR is required for growth under high-K+ stress. The growth traits of the WT, ∆cpxRA and C∆cpxRA strains with or without 0.3  mM  K+ or 0.3  mM Na+ 
were monitored by measurement of spotting on TSA plates (A), OD600 (B), and viable cell counts (C). **p <  0.01. ***p <  0.001.

FIGURE 2

CpxAR impacts cell division under high-K+ stress. (A) Observation of bacterial length in the WT, ∆cpxRA, and C∆cpxRA strains grown with or without 
0.3  mM  K+ by SEM. (B) Bacterial length measured for the WT, ∆cpxRA and C∆cpxRA strains grown with or without 0.3  mM  K+. The number of bacteria 
measured is shown in brackets. ***p <  0.001.
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FIGURE 3

CpxAR regulates the expression of cell division genes ftsE and ftsX. (A) qRT-PCR analysis of ftsE, ftsX, and ftsY in WT, ∆cpxRA, and C∆cpxRA strains. 
(B) Schematics of organization of genes encoding the cell division proteins. Transcriptional characteristics of the ftsE, ftsX, and ftsY genes measured by 
RT-PCR. Lane 1, cDNA; lane 2, RNA; lane 3, DNA; and lane 4, negative control. (C) The growth analysis of strains expressing ftsEX with IPTG at indicated 
concentrations. (D) EMSA analysis of the binding of phosphorylated CpxR to the promoters of ftsE, ftsY, rpoE, and rpoD. rpoE and rpoD served, 
respectively, as positive and negative control. (E) EMSA analysis of the binding of purified CpxR to ftsE with or without unlabeled DNA probe. The 
promoter activity of ftsE gene in the WT and ∆cpxRA strains was analized by fluorescent microscopy (F) and measurement of relative fluorescence 
units (G). *p <  0.05. **p <  0.01. ***p <  0.001.
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Discussion

The two-component system is an important group of signal 
transduction systems in bacteria that interacts with sudden stimulus 
and responds accordingly to survive in adverse environment (Zhao 
et al., 2022). Prototypical TCS is composed of a membrane-bound 
sensor kinase and a cytoplasmic response regulator (Eguchi and 
Utsumi, 2008). In these systems, the histidine kinase will 
autophosphorylate when sensing a stimulus, and transfers the 
phosphoryl group to the response regulator, which then regulates the 
expression of specific genes by binding these promoters. Previous 
studies showed that CpxAR plays multiple regulatory roles in 
A. pleuropneumoniae virulence, biofilm formation and stress 
resistance (Yan et al., 2020). However, the function of the CpxAR 
system adaptation to other surrounding stresses remains unknown.

Potassium is the major cation in the cytoplasm for bacteria, which 
is essential for providing turgor pressure for cell growth and division 
(Sweet et  al., 2021). When external K+ concentrations are high, 
bacteria adjust their survival by maintaining cellular K+ homeostasis. 
However, the mechanism of bacterial survival under high-K+ stress 
requires further exploration. In this study, the growth rate of WT 
strain under K+ stress was significantly lower than that of strain 
without K+ stress, indicating that high-K+ stress inhibits cell growth 
and division of A. pleuropneumoniae. Furthermore, we showed that 
the CpxAR system plays an important role in growth and division of 
A. pleuropneumoniae during high-K+ stress.

FtsEX is a putative ABC transporter type complex that facilitates 
the assembly of division proteins and other proteins to the 

cytoplasmic membrane and is thought to play an important role in 
cell division (Schmidt et al., 2004; Reddy, 2007). In E. coli, disruption 
of the ftsE gene prevents the localization of the K+-pump proteins to 
the inner membrane (Ukai et  al., 1998). In the present study, 
qRT-PCR analysis showed that cell division genes ftsE and ftsX are 
controlled by CpxAR in A. pleuropneumoniae. Indeed, it seemed that 
FtsE and FtsX are related to the mechanism of CpxAR-mediated 
potassium stress. In E. coli, cell division genes ftsY, ftsE, and ftsX 
comprise an operon (Gill et al., 1986), which is consistent with our 
RT-PCR analysis in A. pleuropneumoniae. But, we found that the 
ftsYEX operon in A. pleuropneumoniae contains two promoter 
regions by sequence analysis, oneupstream of ftsY and the other 
upstream of ftsE.

Previous studies have shown that CpxR can regulate the 
transcription of a wide range of genes by directly binding to their 
promoter regions (De Wulf et al., 2002; Vogt and Raivio, 2012). Here, 
EMSA analysis showed that CpxR can directly interact with ftsE 
promoter. Combined with qRT-PCR analysis, these results confirmed 
that the ftsEX operon is directly and positively regulated by the 
CpxAR system.

In summary, our findings gain new and important insights into 
the function of A. pleuropneumoniae CpxAR in response to extreme 
environments, and show that the CpxAR system directly regulates cell 
division genes to maintain potassium homeostasis (Figure 4). Because 
the CpxAR system is ubiquitous in many bacteria, our study contribute 
to the understanding of bacterial environmental adaptability. Future 
studies will aim to identify more CpxR-regulated genes, which could 
expand the knowledge of CpxAR function.

FIGURE 4

Model of CpxAR-ftsEX regulatory circuit in A. pleuropneumoniae. The high-K+ stress activates the TCS CpxAR which directly induces expression of the 
ftsEX operon.
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Piroplasmosis is a zoonotic disease mainly caused by the Babesia and Theileria

parasites. Piroplasmosis is often a subclinical infection in dogs and cats that is

difficult to detect and is often suspected when clinical signs such as anemia

are present. It has been reported to be prevalent in China. However, molecular

evidence of the disease has not been reported in pet dogs and cats in Guiyang.

In this study, we collected 307 anticoagulated blood samples from an animal

hospital in the Wudang District of Guiyang during the period March 2021 to

November 2021 and extracted DNA from the samples. The 18S rDNA gene was

amplified using PCR, and the positive amplification product was sequenced. The

sequences were then analyzed for homology and phylogeny. Of the 307 samples

collected, 164 were feline and 143 were canine, with a total of 23 amplifying a

target band of approximately 400 bp. The percentage of positives of piroplasms

infection in pet cats was 4.27% (7/164), with the pathogens being T. uilenbergi

(3) and T. luwenshuni (4). One Colpodella sp. and two undetermined species

were also detected in the cat samples. The percentage of positives of piroplasms

infection in pet dogs was 7.69% (11/143), with the pathogen being T. uilenbergi (11).

One Colpodella sp. was also detected in the dog samples. The results confirmed

that T. uilenbergi and T. luwenshuni are prevalent in pet cats and dogs in this area.

In addition, the study found a rare zoonotic pathogen, Colpodella sp., in cats

and dogs. Therefore, this study is expected to serve as a valuable reference for

decision-making regarding animal health management and public health work.

KEYWORDS

dog, cat, phylogenetic studies, piroplasms, Theileria uilenbergi, Theileria luwenshuni,
Colpodella, Guizhou
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1. Introduction

Piroplasms belong to the phylum Apicomplexa, class
Piroplasmea, and order Piroplasmida and include the genera
Babesia and Theileria. They are an order of protozoan parasites
that live in macrophages, lymphocytes and red blood cells.
Piroplasmosis is a human-animal infectious disease caused by
piroplasms (Zhang and Li, 2010), with the main clinical symptoms
being fever, anemia and swollen lymph nodes. Babesia is widely
distributed around the world, and its onset often lacks typical
symptoms, making it easy to misdiagnose or overlook. In recent
years, the number of reported human cases has been increasing,
with the United States, Canada and China having the most reported
cases (Yang et al., 2021). The Babesia species that most often infect
humans are B. microti, B. venatorum, B. duncani, and B. divergens
(Ord and Lobo, 2015). Theileria species are mainly pathogenic to
animals and cause serious losses in the livestock industry. Liu et al.
(2010) detected Theileria sp. in the blood of a hospitalized patient
in Suizhou City, Hubei Province (NCBI Accession: HQ844673.1).
Although the paper has not yet been published, this finding
suggests that Theileria sp. may be infectious to humans. Since there
are relatively few studies on human Theileria infections in China,
its study should not be neglected. At this time, none of the canine
piroplasm species are zoonotic.

As living standards improve, pet ownership is becoming a
normal part of life. Piroplasmosis in dogs and cats can be a chronic
or subclinical infection, or it can be a severe acute disease in which
the death of infected animals may occur (Irwin and Hutchinson,
1991). When piroplasmosis occurs a subclinical infection in dogs
and cats, it is difficult to detect. It is often discovered due to clinical
signs such as anemia, fever and lethargy. For example, 36 cases
of B. gibsoni were seen in a veterinary hospital in Xi’an, and the
signs and symptoms were mainly fever, yellow urine and decreased
red blood cells and platelets (Feng et al., 2021). Blood transfusions
can have an immediate effect, but they are expensive and there is
often a shortage of blood available. Therefore, early identification of
the pathogen facilitates the diagnosis and treatment of the disease,
reducing the animal’s suffering as well as the medical burden.

However, there are no reports of piroplasmosis in dogs or
cats in Guiyang, southwestern China. Therefore, this study aims
to investigate the percentage of infections in pet cats and dogs
in an animal hospital in Guiyang, and to provide a scientific
basis for the prevention and control of piroplasms infections in
pets in the region.

2. Materials and methods

2.1. Sample collection and ethics
statement

From March 2021 to November 2021, the anticoagulated blood
samples were collected from pet cats and dogs attending an animal
hospital in Guiyang, China. The blood samples were stored in
EDTA anticoagulation tubes, randomly numbered and then stored
at 4◦C for later use. For practical reasons, we were unable to obtain
basic information about the animals (age, sex, etc.), geographic
location of residence, and clinical data information.

This study was approved by the Animal Care Welfare
Committee of Guizhou Medical University (Ethical approval
number: 2305072). All animals were handled in accordance with
the Animal Ethics Procedures and Guidelines of the People’s
Republic of China. Informed consent was obtained from pet owners
to acquire the anticoagulated blood samples from the animals.

2.2. Genomic DNA extraction

Nucleic acids were extracted from 200 µL of blood using the
qEx-DNA/RNA Virus Kit (Xi’an Tianlong Science and Technology,
Xi’an, China) according to the instructions, and then stored in a
refrigerator at −20◦C until PCR.

2.3. PCR amplification of the piroplasm
18S rDNA gene

PCR amplification was performed on all genomic DNA samples
using the 18S rDNA gene nesting primers for piroplasm parasites
(National Health Commission of the People’s Republic of China,
2017). A total volume of 25 µl was used for PCR amplification,
which included 2.5 µl of 10 × PCR buffer, 2 µl of 2.5 mM
dNTP Mixture, 0.5 µl of each primer (10 µM/L), 0.125 µl of
Taq polymerase (5 U/µl) (Takara Biotechnology, China), 1 µl
of extracted genomic DNA, and double-distilled water to fill
the remainder. Genomic DNA from B. bigemina stored in our
laboratory and sterile double-distilled water were used as positive
and negative controls, respectively. The first round of nested PCR
reaction procedures included pre-denaturation at 96◦C for 2 min,
denaturation at 94◦C for 30 s, annealing at 54◦C for 30 s, extension
at 72◦C for 40 s, a total of 35 cycles, and a final extension at
72◦C for 5 min. The reaction conditions for the second round of
Nestor PCR were the same as the reaction procedure for the first
round, except that the annealing temperature was changed to 57◦C.
Finally, 5 µL of PCR products from all samples were taken and
subjected to 1.5% agarose gels treated with 4S Green nucleotide
stain (Sangon Biotech), and the results were observed using a gel
imager (Bio-Rad).

2.4. Sequencing and phylogenetic
analysis

The PCR products with amplified target bands were sent
to BGI-Chongqing for bi-directional sequencing and sequence
splicing. The obtained sequences were aligned with the sequences of
registered genes in GenBank using the BLAST tool on the National
Center for Biotechnology Information (NCBI) website. After
identifying the species, multiple sequence alignments with related
genes were conducted using DNAMAN (version 6.0, Lynnon
Corporation, Canada) software and representative DNA sequences
were taken. The reference sequences were also downloaded from
the GenBank database. Representative sequences were selected for
evolutionary tree construction, with Plasmodium berghei (NCBI
Accession: AZ522148.1) and P. falciparum (NCBI Accession:
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DK896461.1) as outgroups. MEGA (version 7.0)1 software was used
to construct a phylogenetic evolutionary tree using the neighbor-
joining method and self-extension test 1,000 times for genetic
evolutionary analysis.

3. Result

3.1. Prevalence of piroplasms in pets

A total of 307 anticoagulated blood samples were collected,
including 164 pet cat samples and 143 pet dog samples. A total of
11 (6.7%) positive amplifications were obtained from the 164 pet
cat blood samples, and 12 (8.4%) positives were obtained from 143
pet dog blood samples.

3.2. Genetic evolutionary analysis

A total of 22 target amplicon were successfully sequenced
with BLAST homology matching, the piroplasms were sequenced
as T. uilenbergi (14), T. luwenshuni (4) and Colpodella sp.
(2), with the remaining two sequenced as other eukaryotes
(Uncultured Baldinia and the Uncultured eukaryote). Specifically,
pet cats were found to have T. uilenbergi (3), T. luwenshuni
(4), Colpodella sp. (1), Uncultured Baldinia (1), and Uncultured
eukaryote (1) (Table 1). All sequences were deposited in GenBank
(Table 2). The sequences of T. uilenbergi, T. luwenshuni,
Colpodella sp., Uncultured Baldinia, and Uncultured eukaryote
genes detected in the cat samples were the closest to T. uilenbergi
(NCBI Accession: MG940889.1), T. luwenshuni (NCBI Accession:
MK685118.1), Colpodella sp. (NCBI Accession: JX624256.1),
Uncultured Baldinia clone (NCBI Accession: MF685332.1), and
Uncultured eukaryote (NCBI Accession: KU820642.1) in the
GenBank database, respectively, while their sequence identities
were 100.00, 100.00, 98.23, 99.26, and 98.69%, respectively. In
addition, pet dog blood samples were found to have T. uilenbergi
(11) and Colpodella sp. (1). Their gene sequences were closest
in the GenBank database to T. uilenbergi (NCBI Accession:
MG940889.1) and Colpodella sp. (NCBI Accession: OQ540589.1)
with sequence identities of 100.00 and 94.99%, respectively. The
sequence identity of the two Colpodella sp. (NCBI Accession:
OR226256 and OR226258) was 81.71%, and compared with the
reference strain Colpodella sp. ATCC50594 strain (NCBI Accession:
AY142075) isolated from soil in the United States, the sequence
identity was 81.77 and 83.00%, respectively. The sequence of

1 http://www.megasoftware.net/

TABLE 2 The NCBI Accession of this study gene sequences in GenBank.

NCBI accession Species Animals

OR016205 T. uilenbergi Pet cats

OR016425 T. luwenshuni Pet cats

OR226256 Colpodella sp. Pet cats

OR226257 Uncultured Baldinia Pet cats

OR226255 Uncultured eukaryote Pet cats

OR016208 T. uilenbergi Pet dogs

OR226258 Colpodella sp. Pet dogs

Colpodella sp. from cat samples (NCBI Accession: OR226256) was
only 79.69%∼83.14% when compared with Colpodella sp. strains
from suspected clinical cases in China (NCBI Accession: KT364261
and GQ411073), but the sequence identity with another suspected
clinical case from China (NCBI Accession: MF594625) was as high
as 99.60%. When the sequence of Colpodella sp. from dog samples
(NCBI Accession: OR226258) was compared with the sequences
of Colpodella sp. strains from suspected clinical cases (NCBI
Accession: KT364261, GQ411073, and MF594625), the sequence
identity was only 79.01∼84.39%.

The gene sequences of pet cats (NCBI Accession: OR016205)
and pet dogs (NCBI Accession: OR016208) formed a clade with
high homology to the sequences of T. uilenbergi infecting yaks
in the Gansu region, Dermacentor everestianus in the Qinghai
region, and Haemaphysalis longicornis in the Beijing region
(NCBI Accession: MG799806.1, MG940889.1, and KC601647.1),
with 99.73%∼100.00% homology. The gene sequences of pet
cats (NCBI Accession: OR016425) were homopolymerized into a
clade with 100.00% homology to the sequences of T. luwenshuni
infecting sheep in Shandong (NCBI Accession: KJ850935.1) and
the United Kingdom (NCBI Accession: KU234526.1). The above
Theileria gene sequences were clustered with T. cervi sequences
(NCBI Accession: KT863524.1 and KT863529.1) infecting Sika
deer in the Jilin region of China, all of which were T. sp. The
pet cat gene sequences (NCBI Accession: OR226256) clustered
into a single clade with Colpodellidae sp. (NCBI Accession:
MF594625.1) detected in the blood of a patient with relapsing fever
in China, with 99.60% homology. However, pet cat gene sequences
(NCBI Accession: OR226256) were distant from Colpodella sp.
gene sequences detected in ticks (NCBI Accession: OQ540589),
horses (NCBI Accession: MW261749), cattle (NCBI Accession:
OL848461), and tigers (NCBI Accession: MN640809). The pet
dog gene sequences (NCBI Accession: OR226258) clustered into a
clade with Colpodella sp. (NCBI Accession: OQ540589.1) detected
in H. longicornis from Yiyuan County, Shandong, China, with
a homology of 94.99%. The pet dog gene sequences (NCBI
Accession: OR226258) were distant from Colpodella sp. gene

TABLE 1 Different pets carry different numbers of protozoa.

Animals sample size Theileria
uilenbergi

Theileria
luwenshuni

Colpodella sp. Uncultured
Baldinia

Uncultured
eukaryote

Pet cats 164 3 4 1 1 1

Pet dogs 143 11 — 1 — —

Total 307 14 4 2 1 1
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sequences detected in humans (NCBI Accession: MF594625),
horses (NCBI Accession: MW261749), cattle (NCBI Accession:
OL848461) and tigers (NCBI Accession: MN640809). In addition,
the studied sequences (NCBI Accession: OR226257 and OR226255)
were clustered separately and not assigned to a eukaryotic group,
occupying an evolutionary position between Colpodella sp. and
Theileria (Figure 1).

4. Discussion

The percentage of positives of piroplasms infection in pet
dogs in this study was 7.69% (11/143), which was higher than
the prevalence of canine-origin piroplasm infections reported in
Türkiye (0.13%, 2/757) (Aktas et al., 2015) and China’s Hunan
Province (4.30%, 5/115) (Wang J. et al., 2020). This may be
related to the different geographic locations where the samples
were collected, the sensitivity of the diagnostic technique used,
and the different clinical statuses of the dogs studied. To the best
of our knowledge, this study is the first to report the detection
of T. uilenbergi in the blood of pet dogs in China. The common
hosts of T. uilenbergi are sheep and deer (Mans et al., 2015), and
host infections may present with fever, diarrhea, respiratory distress
and enlarged lymph nodes. However, there are no reports on the
pathology and symptoms of T. uilenbergi in dogs, and the clinical
significance of this is not known. The vectors of T. uilenbergi
have been confirmed to be H. longicornis and H. qinghaiensis (Li
et al., 2009), and Xiang et al. (2022) reported that H. longicornis
is the dominant tick species in Guizhou, which increases the
likelihood of a T. uilenbergi epidemic in the area. The main
piroplasms reported to infect dogs in China and abroad are
B. canis, B. vogeli, B. rossi, B. conradae, B. vulpes, and B. gibsoni
of the genus Babesia (Irwin, 2010; He et al., 2017; Niu et al.,
2017). Although Babesia was not detected in the pet dog samples
in this study, Colpodella sp. (NCBI Accession: OR226258) was
detected in one dog sample, and its pathogenicity requires further
investigation. The sequence from the pet dog (NCBI Accession:
OR226258) was in close proximity to Colpodella sp. (NCBI
Accession: MH012043, OQ540589, MH208619, and OQ540590)
detected in ticks (Figure 1). This result suggests that ticks that may
carry Colpodella sp. and could be screened for possible Colpodella
sp. at this site in the future. The Wudang District of Guiyang has
many natural scenic spots, and there are a number of parks with
dense vegetation and rich ecology distributed around this hospital.
When pet owners walk their dogs in the park, their dogs may
be bitten by ticks when brushing against vegetation and may be
infected with pathogens carried by ticks during the biting process,
posing a threat to the animals’ health.

The percentage of positives of blood piroplasms in pet cats
in this study was 4.27% (7/164), which was lower than the 8.00%
(2/25) infection rate reported in Hunan Province (Wang J. et al.,
2020). In this study, the pet cat pathogens were more diverse,
containing not only T. uilenbergi, but also T. luwenshuni, Colpodella
sp. and two unknown species of gene sequences. Reports of
piroplasm infections in domestic cats and wild felines include
the species such as B. felis, B. cati, B. leo, B. hongkongensis,
B. gibsoni, and Cytauxzoon sp. (Hartmann et al., 2013; Palmer
et al., 2022; Yin et al., 2022), but there have been no reports on
the detection of T. uilenbergi and T. luwenshuni in blood samples

from pet cats. This may be related to the fact that piroplasm
in cats is often an asymptomatic infection (Wong et al., 2012),
resulting in a lack of research and underreporting. T. uilenbergi
and T. luwenshuni are common Theileria in China and are the
more pathogenic species (Hao, 2020). They are often found in
mixed infections. Studies have reported that T. luwenshuni can
infect a wide range of host animals, such as goats, sheep, deer
and sheepdogs (Ge et al., 2012; Li et al., 2014; Gholami et al.,
2016), and it is evident that it may have a wider distribution range.
For example, Zhong et al. (2019) and Wang K. L. et al. (2020)
investigated the infection of cattle and sheep with T. luwenshuni
in Aba Prefecture, Sichuan Province and Linyou County, Shanxi
Province and found that the infection rates were as high as 75.00
and 61.20%, respectively. The rare Colpodella sp., a tick-borne
pathogen that has been detected in Qinghai Province (Hu et al.,
2022), was also detected in the blood samples of pet cats. Colpodella
sp. is also a zoonotic pathogen, with the first case of a Colpodella
sp.-like pathogen infecting a human found in Kunming, Yuan
et al. (2012). Colpodella sp. was also detected in horses from Jingxi
and Napo, Guangxi (Xu et al., 2022; Zhou et al., 2022), as well
as being recently detected in the blood of Amur tigers (Chiu
et al., 2022). Cui (2013) also amplified Colpodella sp. sequences
in the blood of febrile patients and in the cerebrospinal fluid of
in-patients with neurological symptoms (Jiang et al., 2018). The
cat sample Colpodella sp. sequence (NCBI Accession: OR226256)
clustered with the reference strain ATCC50594 and was closer
to the gene sequences of the currently published patients (NCBI
Accession: MF594625), with a higher sequence identity (99.60%).
The possibility of zoonotic disease transmission to humans in this
region cannot be excluded. In this study, it should be noted that
Colpodella is not a piroplasm. Colpodella is a sister group to an
apicomplexan clade (Kuvardina et al., 2002). The initial aim of the
study was to investigate blood carriage of piroplasms in cats and
dogs with 18S rRNA amplification sequencing, but we inadvertently
discovered Colpodella, which is a significant finding. Therefore,
it is not unusual that Colpodella was amplified unintentionally
with these common primers, which is similar to what has been
observed in previous studies (Jiang et al., 2018; Xu et al., 2022). The
Colpodella sp. pathogen and whether it can infect humans remains
controversial and requires further confirmation. The taxonomic
statuses of the gene sequences of two unknown species also need
to be confirmed.

The PCR molecular biology technique used in this study
addresses the morphological difficulty of distinguishing parasites in
the blood when the quantity is low. It is able to accurately detect
the presence of pathogens. However, there are some limitations
to the study, which failed to collect basic information regarding
the pet dogs and cats during the sample collection process and
failed to analyze the epidemiological characteristics of the hosts
in a comprehensive manner. According to the current detection
results, the tick-borne pathogens Theileria and Colpodella sp. were
found in the blood samples of dogs and cats. The data suggest
that Theileria and Colpodella sp. were existent in dogs and cats
in Guizhou. The Theileria and Colpodella sp. found in the study
are different in their treatments. At the present stage, there is no
highly efficient drug for the treatment of piroplasmosis caused
by T. uilenbergi and T. luwenshuni, and the more commonly
used drugs include Imidocarb, Diminazene Aceturate, Acriflavine,
Atovaquone, Azithromycin, Clindamycin, Quinine, etc. (Hao,
2020). Colpodella has been reported in fewer cases in host animals
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FIGURE 1

Genetic evolutionary analysis of the 18S rDNA piroplasm gene in pet cats and dogs. The 18S rRNA sequences obtained in this study were indicated
with black triangles.

and humans. The paucity of case reports makes it difficult to
draw conclusions regarding treatment. For example, the patient
reported by Yuan et al. showed some common features with

Babesia cases and responded well to treatment with Atovaquone
and Azithromycin (Yuan et al., 2012). The patient reported by Jiang
et al. (2018) exhibited neurological symptoms and was treated with
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Doxycycline. Neculicioiu et al. (2021) found that a combination
regimen of Ceftriaxone and Metronidazole was effective against
urinary contamination due to Colpodella sp.

In conclusion, this study is the first report of pet dogs and
cats infected with T. uilenbergi, T. luwenshuni, and Colpodella
sp. in Guiyang, southwestern China, which provides scientific
data for the diagnosis of the common piroplasmosis in pet dogs
as we as decision-making in the management of animal health
and public health.
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Molecular detection of tick-borne rickettsial and protozoan pathogens in domestic
dogs from Turkey. Parasit. Vectors 8:157. doi: 10.1186/s13071-015-0763-z

Chiu, H. C., Sun, X., Bao, Y., Fu, W., Lin, K., Chen, T., et al. (2022). Molecular
identification of Colpodella sp. of South China tiger Panthera tigris amoyensis
(Hilzheimer) in the Meihua Mountains, Fujian, China. Folia Parasitol. 69:2022019.
doi: 10.14411/fp.2022.019

Cui, J. R. (2013). Animal infection,morphological and molecular identification of a
new piroplasma pathogen. Master’s thesis. Naval: Naval Medical University.

Feng, P., Wang, X., Zhang, X. B., Wei, T., Tian, Q. L., Zhang, J., et al. (2021).
Diagnosis and treatment of 36 cases of Babesia gibsonni infected dogs. Progress Vet.
Med. 42, 138–141. doi: 10.16437/j.cnki.1007-5038.2021.02.026

Ge, Y., Pan, W., and Yin, H. (2012). Prevalence of Theileria infections in goats and
sheep in southeastern China. Vet. Parasitol. 186, 466–469. doi: 10.1016/j.vetpar.2011.
11.066

Gholami, S., Laktarashi, B., Shiadeh, M. M., and Spotin, A. (2016). Genetic
variability, phylogenetic evaluation and first global report of Theileria luwenshuni,
T. buffeli, and T. ovis in sheepdogs in Iran. Parasitol. Res. 115, 2125–2130. doi: 10.
1007/s00436-016-5005-6

Hao, G. Y. (2020). Progress in the study of caprine and ovine theileriosis in sheep.
Chin. J. Vet. Sci. 40, 424–434. doi: 10.16303/j.cnki.1005-4545.2020.02.34

Hartmann, K., Addie, D., Belák, S., Boucraut-Baralon, C., Egberink, H., Frymus,
et al. (2013). Babesiosis in cats: ABCD guidelines on prevention and management.
J. Feline Med. Surg. 15, 643–646. doi: 10.1177/1098612x13489230

He, L., Miao, X., Hu, J., Huang, Y., He, P., He, J., et al. (2017). First Molecular
Detection of Babesia gibsoni in Dogs from Wuhan, China. Front. Microbiol. 8:1577.
doi: 10.3389/fmicb.2017.01577

Hu, X. Y., He, Y. C., Kang, M., Li, Z. K., Li, J. X., Sun, Y. L., et al. (2022). Information
analysis of ticks and tick-borne pathogens in Qinghai. Prog. Vet. Med. 43, 73–79.
doi: 10.16437/j.cnki.1007-5038.2022.10.026

Frontiers in Microbiology 06 frontiersin.org170

https://doi.org/10.3389/fmicb.2023.1266583
https://doi.org/10.1186/s13071-015-0763-z
https://doi.org/10.14411/fp.2022.019
https://doi.org/10.16437/j.cnki.1007-5038.2021.02.026
https://doi.org/10.1016/j.vetpar.2011.11.066
https://doi.org/10.1016/j.vetpar.2011.11.066
https://doi.org/10.1007/s00436-016-5005-6
https://doi.org/10.1007/s00436-016-5005-6
https://doi.org/10.16303/j.cnki.1005-4545.2020.02.34
https://doi.org/10.1177/1098612x13489230
https://doi.org/10.3389/fmicb.2017.01577
https://doi.org/10.16437/j.cnki.1007-5038.2022.10.026
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1266583 October 9, 2023 Time: 16:26 # 7

Wu et al. 10.3389/fmicb.2023.1266583

Irwin, P. J. (2010). Canine babesiosis. Vet. Clin. North Am. Small Anim. Pract. 40,
1141–1156. doi: 10.1016/j.cvsm.2010.08.001

Irwin, P. J., and Hutchinson, G. W. (1991). Clinical and pathological findings of
Babesia infection in dogs. Austral. Vet. J. 68, 204–209. doi: 10.1111/j.1751-0813.1991.
tb03194.x

Jiang, J. F., Jiang, R. R., Chang, Q. C., Zheng, Y. C., Jiang, B. G., Sun, Y., et al.
(2018). Potential novel tick-borne Colpodella species parasite infection in patient with
neurological symptoms. PLoS Neglect. Trop. Dis. 12:e0006546. doi: 10.1371/journal.
pntd.0006546

Kuvardina, O. N., Leander, B. S., Aleshin, V. V., Myl’nikov, A. P., Keeling, P. J.,
and Simdyanov, T. G. (2002). The phylogeny of colpodellids (Alveolata) using small
subunit rRNA gene sequences suggests they are the free-living sister group to
apicomplexans. J. Eukaryotic Microbiol. 49, 498–504. doi: 10.1111/j.1550-7408.2002.
tb00235.x

Li, Y., Chen, Z., Liu, Z., Liu, J., Yang, J., Li, Q., et al. (2014). Molecular identification
of Theileria parasites of northwestern Chinese Cervidae. Parasit. Vectors 7:225. doi:
10.1186/1756-3305-7-225

Li, Y., Luo, J., Guan, G., Ma, M., Liu, A., Liu, J., et al. (2009). Experimental
transmission of Theileria uilenbergi infective for small ruminants by Haemaphysalis
longicornis and Haemaphysalis qinghaiensis. Parasitol. Res. 104, 1227–1231. doi: 10.
1007/s00436-009-1347-7

Liu, Z., Ma, M., Peng, Y., Wang, Z., Yang, G., Deng, J., et al. (2010). Theileria sp.
SZH-human 18S ribosomal RNA gene, complete sequence.

Mans, B. J., Pienaar, R., and Latif, A. A. (2015). A review of Theileria diagnostics and
epidemiology. Int. J. Parasitol. Parasites Wildl. 4, 104–118. doi: 10.1016/j.ijppaw.2014.
12.006

National Health Commission of the People’s Republic of China (2017). Diagnosis of
Babesiosis. Beijing: National Health Commission of the People’s Republic of China.

Neculicioiu, V. S., Colosi, I. A., Toc, D. A., Lesan, A., and Costache, C. (2021). When
a ciliate meets a flagellate: A rare case of Colpoda spp. and Colpodella spp. isolated from
the urine of a human patient. Case report and brief review of literature. Biology 10:476.
doi: 10.3390/biology10060476

Niu, Q., Yang, J., Liu, Z., Gao, S., Pan, Y., Guan, G., et al. (2017). First molecular
detection of piroplasm infection in pet dogs from Gansu, China. Front. Microbiol.
8:1029. doi: 10.3389/fmicb.2017.01029

Ord, R. L., and Lobo, C. A. (2015). Human babesiosis: Pathogens, prevalence,
diagnosis and treatment. Curr. Clin. Microbiol. Rep. 2, 173–181. doi: 10.1007/s40588-
015-0025-z

Palmer, J. P., Gazêta, G., André, M., Coelho, A., Corrêa, L., Damasceno, J., et al.
(2022). Piroplasm infection in domestic cats in the mountainous region of Rio de
Janeiro, Brazil. Pathogens 11:900. doi: 10.3390/pathogens11080900

Wang, J., Wang, X., Sun, H., Lv, Z., Li, Y., Luo, J., et al. (2020). Molecular evidence of
piroplasm infection in companion animals in Hunan Province, China. BMC Vet. Res.
16:297. doi: 10.1186/s12917-020-02500-6

Wang, K. L., Zhou, Y. C., Zhao, S. S., Zhang, Y. J., Yan, Y. Q., Jing, J. C., et al. (2020).
Investigation on infection and phylogenetic analysis of Theileria luwenshuni in Goats
of Linyou, Shanxi. Prog. Vet. Med. 41, 123–126. doi: 10.16437/j.cnki.1007-5038.2020.
04.026

Wong, S. S., Poon, R. W., Hui, J. J., and Yuen, K. Y. (2012). Detection
of Babesia hongkongensis sp. nov. in a free-roaming Felis catus cat
in Hong Kong. J. Clin. Microbiol. 50, 2799–2803. doi: 10.1128/JCM.
01300-12

Xiang, Y. L., Zhou, J. Z., Liu, Y., Liu, P. T., Hu, Y., and Liang, W. Q. (2022). An
investigation of ticks and tick-borne bacteria in some areas of Guizhou province,
China. Chin. J. Vector Biol. Control 33, 148–152.

Xu, M., Hu, Y., Qiu, H., Wang, J., and Jiang, J. (2022). Colpodella sp. (Phylum
Apicomplexa) identified in horses shed light on its potential transmission and zoonotic
pathogenicity. Front. Microbiol. 13:857752. doi: 10.3389/fmicb.2022.857752

Yang, Y., Christie, J., Köster, L., Du, A., and Yao, C. (2021). Emerging Human
Babesiosis with "Ground Zero" in North America. Microorganisms 9:440. doi: 10.3390/
microorganisms9020440

Yin, F., Mu, D., Tian, Z., Li, D., Ma, X., Wang, J., et al. (2022). Molecular
Detection of Babesia gibsoni in Cats in China. Animals 12:3066. doi: 10.3390/ani1222
3066

Yuan, C. L., Keeling, P. J., Krause, P. J., Horak, A., Bent, S., Rollend, L., et al.
(2012). Colpodella spp.-like parasite infection in woman, China. Emerg. Infect. Dis. 18,
125–127. doi: 10.3201/eid1801.110716

Zhang, X. C., and Li, J. H. (2010). Veterinary parasitology. Beijing: Science Press.

Zhong, W., Du, X. M., Hao, L. L., Yuan, D. B., Guo, L., Hou, W., et al. (2019).
Investigation on molecular epidemiology of Piroplasma infection in yaks and Tibetan
sheep in aba Tibetan autonomous prefecture of Sichuan Province. Chin. J. Vet. Med.
55, 20–27.

Zhou, Q. A., Huang, S. B., Mo, S. L., Hu, L. P., Han, Y. H., He, Q. S., et al. (2022).
Investigation on molecular epidemiology of piroplasma infection in equine animals in
some parts of Guangxi Province. Chin. J. Vet. Sci. 42, 78–94. doi: 10.16303/j.cnki.1005-
4545.2022.01.13

Frontiers in Microbiology 07 frontiersin.org171

https://doi.org/10.3389/fmicb.2023.1266583
https://doi.org/10.1016/j.cvsm.2010.08.001
https://doi.org/10.1111/j.1751-0813.1991.tb03194.x
https://doi.org/10.1111/j.1751-0813.1991.tb03194.x
https://doi.org/10.1371/journal.pntd.0006546
https://doi.org/10.1371/journal.pntd.0006546
https://doi.org/10.1111/j.1550-7408.2002.tb00235.x
https://doi.org/10.1111/j.1550-7408.2002.tb00235.x
https://doi.org/10.1186/1756-3305-7-225
https://doi.org/10.1186/1756-3305-7-225
https://doi.org/10.1007/s00436-009-1347-7
https://doi.org/10.1007/s00436-009-1347-7
https://doi.org/10.1016/j.ijppaw.2014.12.006
https://doi.org/10.1016/j.ijppaw.2014.12.006
https://doi.org/10.3390/biology10060476
https://doi.org/10.3389/fmicb.2017.01029
https://doi.org/10.1007/s40588-015-0025-z
https://doi.org/10.1007/s40588-015-0025-z
https://doi.org/10.3390/pathogens11080900
https://doi.org/10.1186/s12917-020-02500-6
https://doi.org/10.16437/j.cnki.1007-5038.2020.04.026
https://doi.org/10.16437/j.cnki.1007-5038.2020.04.026
https://doi.org/10.1128/JCM.01300-12
https://doi.org/10.1128/JCM.01300-12
https://doi.org/10.3389/fmicb.2022.857752
https://doi.org/10.3390/microorganisms9020440
https://doi.org/10.3390/microorganisms9020440
https://doi.org/10.3390/ani12223066
https://doi.org/10.3390/ani12223066
https://doi.org/10.3201/eid1801.110716
https://doi.org/10.16303/j.cnki.1005-4545.2022.01.13
https://doi.org/10.16303/j.cnki.1005-4545.2022.01.13
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


Frontiers in Microbiology 01 frontiersin.org
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cystic echinococcosis
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Bone cystic echinococcosis (CE) is one of the most complex and dangerous of all 
echinococcoses. The lack of typical imaging features and clinical manifestations 
makes diagnosis and treatment of this disease difficult. X-ray and computed 
tomography (CT) images of bone CE are similar to those of bone cysts, giant-
cell bone tumors, and bone metastases, but magnetic resonance imaging (MRI) 
shows good diagnostic value due to excellent soft-tissue imaging features. 
Serological tests cannot be used as a definitive diagnostic method for bone CE 
due to cross-reactivity, which can lead to false-positive or false-negative results. 
The development of novel antigens can open new frontiers in the diagnosis of 
the disease. Currently, views conflict on how to diagnose and treat bone CE. Both 
surgical and pharmacological treatments can be  used, but determining which 
is appropriate is difficult due to the different sites and clinical manifestations 
of bone CE. Radical resection is not indicated for large-bone injuries, and 
Pharmacotherapy becomes important. This article reviews the progress of 
research into the pathogenesis and clinical manifestations of, and diagnostic 
strategies and treatment options for, bone CE. We aimed to provide a reference 
for clinical diagnosis and -treatment options.

KEYWORDS

bone cystic echinococcosis, endemic disease, orthopedic surgery, neglected disease, 
medical advice

1. Introduction

Cystic echinococcosis, commonly called Hydatid disease is caused by the larval form of the 
parasitic tapeworm, Echinococcus granulosus (E. granulosus). Cystic echinococcosis (CE) is 
found on all continents except Antarctica and is classified by the World Health Organization 
(WHO) as one of the most neglected and geographically widespread parasitic diseases (World 
Health Organization, 2015). The lifecycle of E. granulosus involves two main hosts, one 
intermediate and one final. Dogs are common final hosts; the adult larvae adhere to their small 
intestinal mucosa, and eggs are excreted with feces. In intermediate hosts—which are humans 
and herbivores (cattle, sheep, goats, camels, horses, and pigs)—the eggs hatch in the body and 
can reach various sites via the circulatory system (Gnanasekaran et al., 2016).

Musculoskeletal involvement is rare, with an incidence of 0.5–4.0% in all CE cases (Neumayr 
et al., 2013a). CE can parasitize almost any bone in the body, but half of all cases occur in the 
spine (Loudiye et al., 2003); the incidence in other bones is lower (Schnepper and Johnson, 
2004). Spinal CE was seen in all age groups, both sexes can be affected (Altinörs et al., 2000). 
Musculoskeletal infection of the spine often results in severe disability or even death (Inayat 
et al., 2019). By contrast, clinical presentations of patients with nonspinal bone CE are often 

OPEN ACCESS

EDITED BY

Hong Yin,  
Chinese Academy of Agricultural Sciences,  
China

REVIEWED BY

Satya Deo Pandey,  
University of Louisville, United States  
Jayaraman Tharmalingam,  
University of Wisconsin-Madison,  
United States

*CORRESPONDENCE

Sibo Wang  
 wangsibowangfei@163.com  

Shan Wang  
 wangshan431141@163.com

†These authors have contributed equally to this 
work and share first authorship

RECEIVED 07 August 2023
ACCEPTED 27 September 2023
PUBLISHED 18 October 2023

CITATION

Meng Y, Ren Q, Xiao J, Sun H, Huang Y, Liu Y, 
Wang S and Wang S (2023) Progress of 
research on the diagnosis and treatment of 
bone cystic echinococcosis.
Front. Microbiol. 14:1273870.
doi: 10.3389/fmicb.2023.1273870

COPYRIGHT

© 2023 Meng, Ren, Xiao, Sun, Huang, Liu, 
Wang and Wang. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE Review
PUBLISHED 18 October 2023
DOI 10.3389/fmicb.2023.1273870

172

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1273870%EF%BB%BF&domain=pdf&date_stamp=2023-10-18
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1273870/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1273870/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1273870/full
mailto:wangsibowangfei@163.com
mailto:wangshan431141@163.com
https://doi.org/10.3389/fmicb.2023.1273870
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1273870


Meng et al. 10.3389/fmicb.2023.1273870

Frontiers in Microbiology 02 frontiersin.org

nonspecific, with pain and pathological fractures being the most 
common (Monge-Maillo et  al., 2017). Clinical history as well as 
laboratory, imaging, and serological tests play crucial roles in 
diagnosing the disease. Radical surgical resection combined with 
chemotherapy is the current clinical treatment of choice, but the 
postsurgical recurrence rate can be as high as 40% (Salman et al., 
2018). Patients who experience spinal encopresis due to spinal CE 
often have a high recurrence rate after surgery (Caglar et al., 2019). 
The prognosis for patients with bone CE is poor: paraplegia, impaired 
mobility, postoperative disability, and even death (Gdoura et al., 2010; 
Arkun and Mete, 2011). Because the pathological mechanism of bone 
CE is unknown, the current literature consists mostly of case studies 
rather than systematic, comprehensive reports; therefore, consensus 
is lacking on the diagnosis and treatment of this disease.

2. Possible pathological mechanism of 
bone CE: hematogenous pathway and 
secondary infection

The route of parasitic infection in bone CE remains unclear 
(Cattaneo et al., 2019). In most cases, the disease is confined to the 
bones and rarely infects other organs (Torricelli et  al., 1990). 
Protoscoleces (PSCs) invade the body and, via blood circulation, 
usually parasitize organs other than the liver. Commonly parasitized 
sites are the lungs; spleen; and multiple locations in brain tissue, 
bones, lymph nodes, and muscles (Petra et al., 2003). Therefore, both 
primary hematogenous and secondary infections in other organs can 
cause the development and progression of bone CE.

CE appears mostly in cancellous bone. Cysts lining cancellous 
bone can fracture bone tissue by attacking it; the disease can also 
spread to invade exoskeletal structures (Papanikolaou, 2008). Possible 
pathological mechanisms are as follows. (1) The growing cysts 
compress bone tissue, causing bones to atrophy (Jacquier and Piroth, 
2018). (2) Cysts invade in multiple directions along less-resistant 
microstructures such as the bone canal; hydatid tissue erodes and 
replaces bone trabeculae and then destroys and breaks through the 
bone cortex (Neumayr et al., 2013a,b). (3) Enlarged echinococcal cysts 
obstruct the vessels that nourish bone, causing ischemic necrosis 
(Thomas et al., 1997). (4) CE cysts directly activate the proliferation of 
osteoclasts, causing physiological osteolysis (Song et al., 2007). (5) 
Cystic invasion decreases host immunity and causes soft-tissue 
infiltration and fistula formation, while the resulting inflammatory 
reaction can lead to bone destruction with neurological and joint 
infection (Morris et al., 2002). (6) CE lesions can spread directly to 
adjacent bone tissue and destroy its bony structure (Jacquier and 
Piroth, 2018).

The rigid structure of bone inhibits cysts from forming an exterior 
membrane therein (Neumayr et al., 2013a,b). Therefore, in the early 
stage of bone CE, cysts grow invasively along structures that offer the 
least resistance, such as the bone canal, and lesions appear as irregular 
branches (Torricelli et al., 1990). However, late-stage intrabony cysts 
can break through the bone cortex and involve extraosseous 
structures, which lack rigidity and therefore cannot restrict cystic 
proliferation. In addition, soft-tissue intracapsular cysts are often 
accompanied by plasma exudate that invades surrounding tissues. The 
periosteum and articular cartilage are resistant to parasitic attack; 
therefore, cartilage infection is rarely reported in cases of bone CE 
(Morris et al., 2002).

In the spine, particularly in the thoracolumbar region, due to a 
dense regional vascular network and rich blood supply, cysts infiltrate 
vertebral cancellous bone via the vertebral artery and develop along 
the bone marrow cavity toward the epiphyseal plate and articular 
cartilage in a swollen honeycomb-like or “soap bubble” shape (Arana 
Iniquez, 1978). Progressive sclerotic cysts compress the vertebral body, 
pedicle, and lamina to varying degrees, but most of the infected tissue 
does not attack the intervertebral disc (IVD) due to the periosteal 
barrier (Schnepper and Johnson, 2004).

3. Clinical manifestations of three 
types of bone CE

We searched the PubMed database for studies addressing recent 
treatment and diagnosis of bone CE and found 41 case reports thereof 
in the last 5 years. As shown in Table 1, the clinical presentation of 
bone CE is complex, with symptoms depending on the location of the 
infection, size of the lesion, degree of bone and surrounding-tissue 
invasion, and complications arising from the cyst and secondary 
infection (McManus et al., 2012). As shown in Figure 1, cysts can 
parasitize any bone in the body, but most infect only a single bone 
(602/721, 83%) (Steinmetz et al., 2014). The results of a European 
multicenter study showed that 45% of CE cases involved spinal CE and 
that long bones (femur, 10%; humerus; 2%) were sites of parasitization, 
while flat bones such as pelvic bones (14%) and ribs (8%) could also 
be invaded (Cattaneo et al., 2019). Echinococcosis in other parts (such 
as the skull, sternum, scapula and phalanx) is rare. Therefore, this 
article focuses on spinal CE, long bone CE and pelvic CE.

3.1. Spinal CE

The thoracic segments (46–50%) have the highest infection rate 
in spinal CE, and the lumbar (20–29%) and sacral (20–23%) disease 
also occur. The cervical spine is the least susceptible to infection of the 
spinal CE (Pamir et al., 2002). Eventually, spinal CE patients usually 
present with symptoms of spinal cord compression, with back pain in 
85%, radicular symptoms in 25%, and cauda equina syndrome or even 
paralysis in 25–77% (Neumayr et al., 2013a). Neurological infection 
occurs in 20–80% of cases (Sharma et al., 2020). Patients can present 
with decreased sensation in one or both legs and the perineum, 
gradually developing signs of neurological damage such as bilateral 
lower-limb mobility impairments, urinary and fecal dysfunction, and 
weakness in urination (Sioutis et al., 2021). Ozek et al. reported that 
rapid-onset neurological disorders are due to inadequate blood supply 
caused by vascular injury; in such cases, patient recovery is often slow 
and incomplete (Ozek, 1994). ROBINSON RG’s case report of a 
female patient with severe neurological symptoms. Despite surgical 
treatment to remove the cyst, the patient did not have a good 
prognosis (Robinson, 1959). Paraplegia due to disease recurrence has 
been reported in as many as 45% of cases (Bhojraj and Shetty, 1999). 
The recurrence rate of spinal CE is 30–40%, usually due to 
intraoperative cyst rupture (Johnson and Hobson, 1977). Moreover, 
the resulting spillage of cyst contents can cause a variety of allergic 
reactions such as pruritus, urticaria, dyspnea, asthma, vomiting, 
diarrhea, abdominal cramps, bacterial infection, and even anaphylaxis. 
This complex clinical presentation poses great difficulties in diagnosis 
(Pathania et al., 2000).
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TABLE 1 The clinical manifestations of bone CE.

Classification 
of bone CE

Position Manifestations

Spinal CE

Cranio-vertebral junction
Neck tilt toward the left side, neck pain, and headache along with a low-grade fever and loss of appetite (Kiran 

et al., 2021).

Cervical vertebra Sensory loss in limbs (Majmundar et al., 2019).

Cervical and thoracic vertebrae

Walking disorders;

Dull backache with paresthesia radiating down the legs (Bouattour et al., 2021);

Paraparesis (Cavus et al., 2018).

Thoracic vertebrae

Chronic back pain (Saul et al., 2020);

Mid-back pain and intermittent history of fever (Das et al., 2021);

Increasing thoracic pain (Depré et al., 2019);

Back pain (Dighe et al., 2018);

An isolated mass in the T5 vertebral body with the compression of the spinal cord (Zhang et al., 2021);

Difficulty with walking and feet had no sense of cold and hot (Zhang et al., 2017).

Weakness (Safari et al., 2021);

Paraparesis (Akhaddar and Boucetta, 2018);

Back swelling, loss of lower extremity strength, complete motor function loss, paraplegia, and immobilization 

(Alkan Çeviker et al., 2022);

Back pain, significant weight loss, and paralysis of both lower limbs (Zhang et al., 2021).

Thoracic vertebrae + Chest wall 

+ Ribs

Left-sided infraclavicular chest pain and numbness in the left forearm (Hans et al., 2019);

Paraparesis and back pain (Kassimi et al., 2021);

Weakness and numbness of the left lower limb (Agnihotri et al., 2017).

Lumbar vertebra

Right lower back pain and weakness in both lower limbs (Tian et al., 2020);

Progressive bilateral, poorly systematized, paralyzing lumbar radiculopathy associated with urinary urgency 

(Staouni et al., 2020).

Lumbar vertebra and sacral 

vertebra

Low-back pain (Majmundar et al., 2019);

Pus discharge from the lower back; back pain; weakness of the left foot (Sharma et al., 2020);

Progressive weakness of lower limbs, frequency, and urinary incontinence (Trifa and Maamri, 2021).

Long bones CE

Humeral bone Diaphyseal humerus fracture (Patino and Ramos Vertiz, 2019).

Radial bone Elbow swelling (Bağcıer and Tufanoğlu, 2020).

Ulna Multiple swellings on the right forearm (Reddy et al., 2017).

Femoral bone

A painful mass in the right thigh and perineal area with progressed pain and paresthesia to the right thigh and 

shin (Ahmady-Nezhad et al., 2022);

Left groin pain and swelling in the left thigh (Salman et al., 2018);

Non-union of the fracture (Gautam et al., 2018);

Swelling and fracture of the left upper end of the femur; difficulty in walking and swelling in the right inguinal 

region (Ramteke et al., 2019);

Right hip pain (Oueslati et al., 2020);

Pain and swelling over her right knee region (Dathik et al., 2019);

Hip pain (Masmoudi et al., 2019);

Persistent thigh pain in the former fractured hip (Fröschen et al., 2019).

Tibia bone Pain and edema in her left upper leg (Nascimento et al., 2018).

Pelvic CE

Iliac bone Left pelvic pain (Govindasamy et al., 2021).

Ischiopubic branch acetabulum Inguinal pain (Daniel et al., 2017).

Inferior pubic ramus, ischium, 

and iliac bone

Left buttock pain (Dehghan Manshadi et al., 2017).

Trochanteric region Left hip pain (Boussaid et al., 2021).

Pelvic bone Progressive para-coxalgia and lower limb weakness of the left leg; pathological bone fracture (Wang et al., 2019).

Joint space; supra-acetabular 

region and superior pubic ramus

Left hip pain and limp (Bhatnagar et al., 2017).

Sacroiliac joint
Pain and paresthesia in the left gluteus (Peña Huertas et al., 2022);

Left sciatica and mechanical hip pain (Akremi et al., 2022).
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3.2. Pelvic CE

The incidence of pelvic CE is second only to that of spinal CE. A 
study included 31 patients with pelvic encopresis from 1991 to 2017, 
with the ilium being the most common (21/31), followed by the 
acetabulum (7/31), pubis (6/31), sciatica (5/31), and sacrum (5/31) 
(Inayat et al., 2019). The pelvic bone is densely packed with cancellous 
bones and is rich in blood supply, providing highly favorable 
conditions for parasitization by E. granulosus. Hemipelvic infection 
has commonly been reported in recent years; the hip joint easily 
becomes infected, impairing mobility. Pelvic CE can lie latent for 
several years and gradually become symptomatic as the disease 
progresses, generally manifesting as symptoms of lumbosacral-nerve 
compression (Arik et  al., 2015). Generally, the first clinical 
manifestations appear late in the disease’s progression due to the rigid 
skeletal structure and slow cystic growth. Severe cases are usually 
associated with late complications such as lumbosacral pain, swelling, 
fistula formation, and progressive worsening of pain in both legs 
(Inayat et al., 2019). Although sciatica is often reported as the first 
symptom of pelvic CE, it must be emphasized that the symptoms of 
this condition depend on the sizes and locations of cysts.

3.3. Long bones CE

A total of 702 patients with encopresis were included in one study, 
including 111 patients with long bone encopresis. The highest 
frequency of infection was in the femur (72/111, 65%), followed by the 
humerus (11/111, 10%), radius (3/111, 2.7%) and tibia (3/111, 2.7%), 
with ulna (1/111, 0.9%) and fibula (1/111, 0.9%) cases being rare 
(Steinmetz et al., 2014). As mentioned above, the femur is the most 
susceptible to infection. Colonization of these bones by E. granulosus 

mostly involves the epiphysis in the early stages and can initially 
be asymptomatic. Extensive bony lesions in later stages can lead to 
pathological hyperplasia of the infected limb, causing swelling and 
pain that becomes progressively more intense as the burden of activity 
increases (Song et  al., 2007). Local examination of patients with 
femoral CE can reveal deep pressure pain in the greater trochanter, 
accompanied by limitation of hip motion, which can lead to late 
complications such as pathological fracture and fistula formation in 
severe cases (Kapoor et al., 2013; Inayat et al., 2019). Patients with 
humeral CE similarly have no obvious symptoms in the early stages. 
Bone erosion progresses to an advanced stage of severe bone damage, 
at which point patients often seek medical attention for severe pain. 
Although the CE of the long bones does not infect the joint surface, 
advanced pathological bone destruction, inflammation, and infection 
of the surrounding soft tissues can affect adjacent joints. Therefore, 
localized masses, restricted mobility, and severe pain can be clinical 
features of this type of CE.

4. Imaging examination combined 
with serological results to diagnose 
bone CE

Because the disease features of bone CE are often atypical, they 
often pose a diagnostic challenge to clinicians. Given that bone CE 
progresses very slowly, intrabony cysts can remain quiescent for long 
periods, even decades (Cattaneo et  al., 2019). Spinal CE takes an 
average of at least 6 months to be diagnosed even after the onset of 
symptoms (Khazim et al., 2003). Imaging combined with serological 
testing is now the mainstay of clinical diagnosis.

4.1. Radiographic examination

The most commonly used imaging techniques for bone CE are 
X-ray, computed tomography (CT), and magnetic resonance imaging 
(MRI). X-ray is the first diagnostic step when patients present with 
pain, swelling, and other associated symptoms (Ira et al., 2001). While 
X-rays often do not show typical imaging features of patients with 
bone CE (Table 2). In addition, the periosteal reaction is usually not 
visible on X-ray images; if not, this indicates a pathological fracture 
caused by an attack on the bone cortex (Chen et al., 2020). Bone 
infections usually show bone destruction and cystic lesions on 
imaging. Cystic lesions appear as hypodensities on both CT and X-ray, 
but CT can show more information on these lesions, including size, 
extent, location, and degree of bone destruction (Tüzün and 
Hekimoğlu, 2001). MRI is the most relevant of all imaging modalities 
for the diagnosis of CE; its excellent soft-tissue resolution clearly 
shows the relationship between the lesion and adjacent tissues (Pamir 
et al., 2002).

The most common manifestation of spinal CE is one or more round 
or oval sockets with indistinct borders that cannot be distinguished from 
chronic osteomyelitis on imaging (Muscolo et al., 2015). In the early 
stage, the lesion appears in the vertebral body and can spread to all 
vertebral structures. When the lesion involves the spinal canal, MRI can 
show the exact number and sizes of cysts, the integrity of the cyst wall, 
and the degree of spinal-cord compression (Herrera et al., 2005). Berk 
et al. reviewed the characteristics of spinal CE on MRI: (World Health 
Organization, 2015) sausage-like appearance with thin-walled, regular, 

FIGURE 1

The occurrence rates of bone CE in the spine, pelvic bone, tibia 
bone, ribs, and other locations.
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TABLE 2 Examination of bone CE.

Classification 
of bone CE

Positioning
Radiological examination

Serology
X-ray CT MRI

Spinal CE Cranio-vertebral junction (Kiran et al., 2021) Not mentioned An expansile lytic lesion eroding 

the vertebra.

Heterogeneously enhancing solid- 

Multiple cysts.

Not mentioned

Cervical vertebra (Majmundar et al., 2019) Not mentioned Not mentioned Cystic and enhancing lesions with 

significant compression.

Not mentioned

Cervical and thoracic vertebrae (Cavus et al., 2018; 

Bouattour et al., 2021)

Not mentioned Not mentioned Multiple extradural cysts;

Dura with spinal cord compression.

Negative

Thoracic vertebrae (Zhang et al., 2017, 2021; Akhaddar 

and Boucetta, 2018; Dighe et al., 2018; Depré et al., 

2019; Saul et al., 2020; Das et al., 2021; Safari et al., 

2021; Alkan Çeviker et al., 2022)

Negative;

Paraspinal opacity.

Bony nodules with lysis;

The intervertebral foramen is 

infected and enlarged.

Spinal cord atrophy;

DISC infection;

Spinal cord compression.

ELISA: +; IHA: +

Ribs (Hans et al., 2019; Kassimi et al., 2021; Agnihotri 

et al., 2017)

Not mentioned Not mentioned Par costal cyst. ELISA: +

Lumbar vertebra (Staouni et al., 2020; Tian et al., 2020) Not mentioned Vertebral body and peripheral 

bone hyperostotic;

PET-CT: Cyst

lesion on the spine.

Cyst lesion;

The intervertebral foramen is infected 

and enlarged.

Not mentioned

Lumbar vertebra and sacral vertebra (Majmundar 

et al., 2019; Sharma et al., 2020; Trifa and Maamri, 

2021)

L4-L5 vertebrae were infected Not mentioned Multiple extradural cysts;

Multiple cysts in the spinal canal.

Raised lymphocytes, eosinophil, and 

C-reactive proteins.

Long bones CE Humeral bone (Patino and Ramos Vertiz, 2019) Pathologic fracture;

Multilocular cyst;

Osteolytic lesions.

Not mentioned Pathologic fracture;

Multilocular cyst;

Osteolytic lesions.

Not mentioned

Radial bone (Bağcıer and Tufanoğlu, 2020) Fracture of radius;

The bony cortex thins.

Not mentioned Hyperintense cortical destruction of 

bone.

Not mentioned

Ulna (Reddy et al., 2017) Ulnar cyst;

Pathologic fracture;

Soft tissue calcification.

Not mentioned Cyst lesions with Expansive osteolytic 

lesions.

Not mentioned

Femoral bone (Gautam et al., 2018; Salman et al., 2018; 

Dathik et al., 2019; Fröschen et al., 2019; Masmoudi 

et al., 2019; Ramteke et al., 2019; Oueslati et al., 2020; 

Ahmady-Nezhad et al., 2022)

Multiple moth-eaten-lytic areas with 

surrounding sclerosis in greater 

trochanter lesser trochanter, neck.

Soft tissue infection of bone and 

joint;

Soft tissue calcifications.

Cystic lesions ac-cumulate in the femur;

T2 hyperintense lesions.

Haemagglutinin test: positive;

ELISA: IgG+

Tibia bone (Nascimento et al., 2018) Femoral cyst. Not mentioned Not mentioned Not mentioned

(Continued)
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semicircular terminals; (Gnanasekaran et al., 2016) capsular cavities 
without septa or fragments, occasionally spherical; (Neumayr et  al., 
2013a) signal intensity of capsule contents similar to that of CSF; and 
(Loudiye et al., 2003) capsule wall signal equal to or slightly lower than 
that of cystic contents on T1-weighted (T1W) images (Berk et al., 1998). 
In vertebral CE, the most common features are uninjured IVD and 
vertebral body, while the paraspinal area, subperiosteal bone, and 
adjacent ribs are more commonly infected (Herrera et  al., 2005). 
Destruction of discs in the advanced stages makes spinal CE difficult to 
distinguish from inflammatory spinal conditions.

In pelvic CE, osteolytic cystic lesions are the single striking feature 
located in the ilium but can span the hip and sacroiliac joints. 
Vertebral osteochondral reactions are uncommon. Calcifications and 
cysts can be  found on imaging after adjacent tissues are invaded 
(Rangheard et al., 2001). In long-bone CE, the primary cyst begins in 
the epiphysis (Dathik et al., 2019). The lesion, which can be either 
monocystic or polycystic, is mostly located in the metaphysis and can 
expand into the diaphysis and form a fan-shaped cortex; however, 
dilatation, sclerosis, and periosteal reaction seldom occur. Polycystic 
lesions are more common, presenting as large round or oval ground 
areas of bone destruction that collect in the epiphysis or metaphysis 
and greatly expand the extent of bone destruction.

The progression of bone cysts is characterized by two imaging 
stages: (World Health Organization, 2015) the microcystic-infiltration 
stage, in which the cyst creates a cluster of “grape”-like changes; and 
(Gnanasekaran et al., 2016) the secondary-infection stage, in which 
inflammatory bone disease casts a grape-like shadow of bone 
proliferation and destruction (Arias, 1946). In advanced stages of bone 
CE, the inflammatory stimulation of bone proliferation exceeds the 
osteolytic process, and imaging has limited specificity to distinguish 
the disease from bone malignancy. A study by Farrokh Saidi found 
that “a single cyst only,” “lamellar separation,” and “cyst degeneration” 
are independent predictors of good prognosis in hepatic CE (Fathi 
et al., 2016). However, no studies have determined whether cystic 
calcification can also predict prognosis in bone CE. In the author’s 
opinion, calcified cysts indicate a lower capacity for cystic growth, a 
lessened ability to invade surrounding tissues, and a tendency to limit 
the lesion. Nevertheless, a calcified cyst can act as an intrabony 
occupying lesion, compressing or even blocking the ability of 
intrabony trophoblastic vessels to support the bone, thereby causing 
bone ischemia and compressing nerve tissue in some cases.

4.2. Serology

Serological tests can be used to support bone CE diagnosis and as 
screening tools. Such tests are divided into two categories: (World 
Health Organization, 2015) antigen detection using encapsulated 
cystic fluid and PSC larvae; and (Gnanasekaran et al., 2016) detection 
of antibodies (aBs) in patient serum. Commonly used antigen 
indicators in the laboratory include anti–E. granulosus cyst fluid 
(EgCF) antigen, fine-grained echinococcal cestode antigen, epithelial 
glycoprotein (EGP), semi-purified CE cyst fluid antigen B (AgB), and 
E2 receptor alpha (Era2) (Siles-Lucas et al., 2017). In antigen-based 
sensitivity (Sens) and specificity (Sp) experiments, the Sen of antigen 
detection was 45–92% in both CE patients and healthy populations, 
while Spc was 70–100%. This means that the surface antigens of both 
populations contain similar antigenic determinant clusters, which are T
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thought to be prone to cross-reactivity (Carmena et al., 2006). Some 
newer antigens, including E. granulosus tegumental antigen (EgTeg) 
and E. granulosus alkaline phosphatase (EgAP), have shown >90% Spc 
and Sen in experiments (Ortona et al., 2005). Although such results 
still require support from studies with large samples, they provide 
important reference values for the diagnosis of CE.

The sensitivity of a diagnostic test for bone CE depends on the 
integrity, growth viability, and locations of cysts (List et al., 2010). In 
the early stages, intrabony cysts are positive on serological examination 
due to their inability to form fibrous membranes or due to cystic 
rupture, infection, or abscess formation (McManus, 2014). Serological 
tests are mostly negative in the late stages due to cyst aging or 
calcification, and false-negative results cannot be avoided. The Casoni 
and indirect-hemagglutination tests also show good diagnostic 
potential for bone CE (Wang et al., 2019). Ozdemir et al. reported 
three cases of spinal CE; two were serologically negative but confirmed 
to have spinal CE via pathology (Ozdemir et al., 2004). Three problems 
exist with the immune response to serological diagnostic tests for CE: 
(1) E. granulosus antigens cross-react with antigens of other parasitic 
diseases, which can impair test specificity (2) The strength of the 
patient’s immune system affects serological test results, with both 
false-positive and -negative results occurring. (3) Test sensitivity 
decreases to 25–56% in extrahepatic CE (Xiao et al., 2003). Therefore, 
the serological examination does not provide sufficient evidence for it 
to be used as the main diagnostic method in bone CE and must hence 
be combined with other methods for comprehensive analysis.

5. Treatment: radical resection and 
drug therapy

As shown in Table 3, the treatment of bone CE is site dependent. 
Currently, the most appropriate treatment is radical surgery or 
resection of all infected bone (Arkun and Mete, 2011). However, 
radical surgery is difficult to perform and leaves the patient prone to 
recurrence, especially when the spine, pelvic bones, and ribs are 
infected. Therefore, surgery is sometimes combined with other 
treatments (e.g., radiotherapy) to prevent recurrence.

5.1. Surgery

Before the operation, need to determine the locations and sizes of 
cysts and the degree to which soft tissues surrounding the bone have 
been invaded. Surgical recommendations for bone CE are as follows. 
(1) The bones and surrounding soft tissues infected by CE must 
be exposed (Luan et al., 2022). (2) Integrity of the cyst wall must 
be ensured during resection of CE cysts (Das et al., 2021). (3) After 
such resection, 1–2 cm of parasite-free bone must be  removed 
(Ozdemir et al., 2004). (4) During the operation, the surgical area 
should be cleaned with a short-term insecticide such as hypertonic 
saline to avoid recurrence caused by remaining E. granulosus (Khazim 
et  al., 2003). (5) Bone grafts can be  implanted for functional 
reconstruction after cyst resection (Thomas et al., 1997). Although 
many preoperative tests are available to detect osteochondroma-like 
lesions, bone CE is often found during surgery and confirmed by 
pathological examination.

Spinal CE should be given higher treatment priority than other 
types of bone CE. The internationally recognized classification of this 

disease largely guides the choice of surgical approach (Açikgöz et al., 
1996). Complete resection is not possible in extensive intradural CE 
(Kaen et al., 2009). Intradural CE generally features multiple cysts that 
can attach to the lumbar-spinal roots, as well as some thin-walled cysts 
that can easily rupture during surgery (İşlekel et al., 1998). A limited 
single cyst is associated with better treatment outcomes, and surgery 
in such cases is considered curative if the cyst is completely removed 
and does not rupture (Neumayr et al., 2013a). Epidural CE lesions can 
vary from a single epidural worm cyst to a paravertebral encapsulated 
cyst to a large, dumbbell-shaped encapsulated cyst with surrounding 
soft-tissue invasion (Khazim et al., 2003). Patients with these two 
types of spinal CE are often found to have spinal cord compression. 
Anterior resection of the cyst is usually performed in these cases; 
however, if complete resection is not possible, negative-pressure 
aspiration and partial wall resection are desirable, and drugs with high 
toxicity should be avoided (Parvaresh et al., 1996). The recurrence rate 
of epidural CE is high (27%) because multiple cysts cannot 
be completely excised and the cysts are prone to rupture (Neumayr 
et al., 2013a).

When bone CE occurs within the vertebral body, microcystic 
infiltration makes complete resection difficult to achieve. However, 
surgical intervention can prolong patient survival (Turtas et al., 1980). 
Complete excision of the cyst with no destruction of the cyst wall is 
the standard treatment for spinal CE. However, complete cyst removal 
is difficult in many cases for various reasons: (World Health 
Organization, 2015) the cyst wall is thin; (Gnanasekaran et al., 2016) 
the surrounding soft tissue is attached to the cyst wall; Neumayr et al. 
(2013a) bone CE was not considered preoperatively; (Loudiye et al., 
2003) the lesion is extensive, making surgery too invasive for the 
patient to tolerate; and Schnepper and Johnson (2004) surgery results 
in bone defects and requires the use of various techniques such as 
bone grafts, pedicle screw systems, titanium-cage implants, plates, or 
bone cement to stabilize the spine (Iplikçioğlu et  al., 1991). Bone 
cement might be one of the best options for postoperative vertebral 
stabilization due to its high-temperature killing effect on PSCs, which 
reduces postoperative recurrence of bone CE (Yildiz et al., 2001). For 
large spinal-CE lesions, palliative surgical treatment plus 
chemotherapy might be more appropriate to limit surgical stress or 
damage to the patient’s neural tissues (Sudo and Minami, 2010).

Pelvic CE is the second-most widespread type of bone CE, which 
is difficult to treat, and the outcome and prognosis depend on whether 
the CE has invaded the sacroiliac or hip joints (Martínez et al., 2001). 
Surgical attempts to remove the lesion can fail, resulting in severe 
functional disability when the joint is infected. Currently, common 
surgical treatments for pelvic CE include simple drainage or 
debridement, complete resection, total hip arthroplasty, bone grafting, 
pubic fusion, giant prosthesis, arthroplasty, osteotomy, and hemipelvic 
resection (Liang et al., 2014). Hemipelvic resection is frequently used 
in patients with extensive pelvic CE who are infected in multiple sites. 
However, it is accompanied by high mortality and complications such 
as sepsis, pressure sores, and loss of function, meaning that patients 
are often resistant to this procedure. Palliative surgical treatment with 
long-term oral administration of effective anthelmintics such as 
albendazole (ABZ) is usually a good option for patients with bone CE 
accompanied by extensive bone destruction (Sudo and Minami, 
2010). Daniel et al. reported a case of pelvic CE extending to the hip. 
After hip resection combined with total hip arthroplasty supplemented 
by perioperative medication, the patient had no signs of recurrence or 
sepsis at 1-year postoperative follow-up, but he required a walker as a 
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TABLE 3 Treatment of bone CE.

Classification of 
bone hydatid 
disease

Positioning
Treatment

Result
Surgery Drug

Spinal CE Cranio-vertebral junction (Kiran et al., 2021) Decompression; resection of cyst lesion; washing with 20% 

hypertonic saline solution; occipital-C2- C3 vertebrae fusion

ABZ (400 mg per day for 6 weeks) Symptoms improved 

after 3 months

Cervical vertebra (Majmundar et al., 2019) Laminectomy + resection of lesions ABZ (pre-operation and post-operation) Improved

Cervical and thoracic vertebrae (Bouattour et al., 2021; Cavus et al., 

2018)

Decompression; resection of cyst lesion; washing with 20% 

hypertonic saline solution

ABZ (15 mg/kg/d, po. For 1 year) No recurrence after 

1 year

Thoracic vertebrae (Zhang et al., 2017, 2021; Akhaddar and 

Boucetta, 2018; Dighe et al., 2018; Depré et al., 2019; Saul et al., 

2020; Das et al., 2021; Safari et al., 2021; Alkan Çeviker et al., 2022)

Resection of cyst lesion; ashing with betadine solution and 

hypertonic saline

ABZ (20 mg/kg/day for 6 months) Improved

Ribs (Hans et al., 2019; Kassimi et al., 2021; Agnihotri et al., 2017) Resection of cyst lesion ABZ Recurred after 6 months

Lumbar vertebra (Staouni et al., 2020; Tian et al., 2020) Resection of cyst lesion; washing with hydrogen peroxide and 5% 

hypertonic saline; spinal fusion and fixation

ABZ (10-15 mg/kg/day, for at least 

6 months)

Improved after 6 months

Lumbar vertebra and sacral vertebra (Majmundar et al., 2019; 

Sharma et al., 2020; Trifa and Maamri, 2021)

Debridement; decompression; resection of cyst lesion; washing with 

hypertonic saline solution

ABZ No recurrence for 3 years

Long bones CE Humeral bone (Patino and Ramos Vertiz, 2019) Oncological resection of the humerus and total replacement of the 

humerus

ABZ (15 mg/kg/ d) preoperation for 

1 month and post-operation for 6 months

Improved

Radial bone (Bağcıer and Tufanoğlu, 2020) Surgery ABZ (400 mg/d) preoperation for 1 month 

and post-operation for 6 months

No recurrence

Ulna (Reddy et al., 2017) Resection of cyst ABZ (400 mg/d) for 6 weeks Improved

Femoral bone (Gautam et al., 2018; Salman et al., 2018; Dathik et al., 

2019; Fröschen et al., 2019; Masmoudi et al., 2019; Ramteke et al., 

2019; Oueslati et al., 2020; Ahmady-Nezhad et al., 2022)

Resection of the lesion; fixation; resection of the lesion; 

Reconstruction of the right hip

ABZ (400 mg, bid, proper-operation, and 

post-operation); praziquantel (300 mg/day 

post-operation)

Improved

Tibia bone (Nascimento et al., 2018) Resection of lesion ABZ (10-20 mg/kg/day) Improved

Pelvic CE Iliac bone (Govindasamy et al., 2021) Palliative surgery (debridement, cyst resection, 0.1% sodium 

hypochlorite flushing, drainage)

ABZ (pre-operation for 14 days and post-

operation for 6 months)

Non-symptom

Ischiopubic branch acetabulum (Daniel et al., 2017) Hemipelvectomy + hip resection + hip reconstruction ABZ (800 mg,2 doses per day, pre-operation 

and post-operation)

Improved

Inferior pubic ramus, ischium, and iliac bone (Dehghan Manshadi 

et al., 2017)

Not mentioned ABZ (400 mg, bid, po) Not mentioned

Trochanteric region (Boussaid et al., 2021) Rejected ABZ Not mentioned

Pelvic bone (Wang et al., 2019) Cystic resection; displacement of artificial hemipelvis and hip joint ABZ Improved

Joint space; supra-acetabular region and superior pubic ramus 

(Bhatnagar et al., 2017)

Debridement ABZ (10 mg/kg/day; pre-operation and 

post-operation)

Improved; no recurrence

Sacroiliac joint (Akremi et al., 2022; Peña Huertas et al., 2022) Cyst resection; washing with hypertonic saline; hip replacement ABZ Symptom-free; No 

progress in disease

*The above cases information is from Table 1.
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mobility aid (Daniel et al., 2017). As can be seen, the outcome of 
pelvic-joint infection is very serious. Once pelvic CE infects the hip 
joint, it usually causes weakness in the legs and reduces joint function. 
Total hip replacement may be considered to restore the function of 
the joint.

Treatment and prognosis of long-bone CE are better than those of 
spinal and pelvic CE because the growth of worms is more limited in 
these bones than in the spine or pelvis. When the infection occurs 
proximally, femoral CE is more likely to infiltrate the neighboring 
pelvic bone. When early lesions are limited to a single segment, radical 
long-bone resection is the treatment of choice. If the lesion is diffusely 
spread, preserving the limb is not possible; amputation is the only 
effective treatment (Zlitni et al., 2001). Postoperative bone defects are 
often treated with different methods, including bone cement filling 
and bone grafting. Moore et  al. reported a case of total femoral-
replacement surgery to treat diffuse osteopathy caused by left-femoral 
CE, using a total femoral prosthesis (MOST Total Femoral System) to 
reconstruct the defect. The patient’s 1-year postoperative prognosis 
was good, with femoral function mostly restored (Moore et al., 2015). 
The use of re-aspiration (PAIR) has shown encouraging results 
in localized cases where surgical removal is not possible or the patient 
refuses surgery, relapses postoperatively, or does not respond to 
pharmacological treatment (Peer et al., 2023).

5.2. Pharmacotherapy

If PSCs infection is localized to the axial bone or if the lesion is 
too large, radical surgical treatment is not possible; instead, 
palliative surgery plus long-term medication is often the best option 
for improving symptoms or even curing the patient. 
Pharmacological treatment of CE is similar to tumor chemotherapy; 
ABZ can be used preoperatively to inhibit further growth of CE and 
even reduce cyst size (Horton, 1989), or postoperatively, either 
alone or in combination with other antiparasitic drugs, to prevent 
recurrence (Horton, 1989). However, no drugs yet exist that can 
effectively prevent PSCs from invading and destroying bone and 
muscle (Togral et al., 2016).

As shown in Table 3, drugs are an important part of perioperative 
bone CE management, with dosage and duration depending on the 
site of parasitism and degree of invasion. The action of ABZ is effective 
in bone CE; 10–15 mg/kg/day for at least 6 continuous months is 
required for better prognosis as well as a lower relapse rate. To reduce 
the risk of cystic-fluid rupture and its potential complications, at least 
300 mg/day of praziquantel must be  given in combination with 
ABZ. Although ABZ + praziquantel has been reported to have anti-CE 
activity in some cases, its efficacy remains to be further investigated in 
subsequent bone CE trials (Gautam et  al., 2018). Postoperative 
chemotherapy plus surgery, a popular form of bone CE treatment in 
recent years, can be extended for up to 2 years in complicated cases 
(Agarwal et al., 1992).

One study reported a drug-loaded nanoemulsion to be similar in 
efficiency to ABZ in inactivating PSCs in subcutaneous tissue. The 
investigators concluded that the nanoemulsion had high stability, high 
water solubility, and greater ability to cross biomembranes, thereby 
proving more efficacious against lesions that were difficult to reach 
with ABZ (Ahmadi et  al., 2020). However, validation was not 
performed in animal models of bone CE.

6. Discussion

The research reviewed in this paper emphasizes the complexity 
of diagnosis and treatment of bone echinococcosis. Therefore, to 
understand the management of bone echinococcosis, the following 
aspects should be  carried out. Bone CE with high rates of 
recurrence, disability, and paralysis, is a serious parasitic disease 
that imposes a severe burden on patients and families. Since bone 
CE mainly exists in pastoral areas, the medical level is not 
developed, and there is currently no clear consensus on bone CE, 
how to use convenient and appropriate methods for early diagnosis 
is undoubtedly the most important. Therefore, special medical 
examination centers for bone CE should be established to provide 
regular screening of sensitive populations and to regularly monitor 
the musculoskeletal conditions of vulnerable individuals. The 
clinical symptoms of bone CE are less pronounced in the early 
stages and become apparent in the later stages. Symptoms of bone 
CE are related to the location of the lesion and its severity. In spinal 
CE specifically, pain is the earliest symptom and can be accompanied 
by neurological manifestations. Early diagnosis and treatment are 
important for improving bone quality and avoiding complications, 
Figure 2 provides a diagnostic flow chart based on the 2015 Chinese 

FIGURE 2

Diagnostic flow diagram of bone CE.

180

https://doi.org/10.3389/fmicb.2023.1273870
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Meng et al. 10.3389/fmicb.2023.1273870

Frontiers in Microbiology 10 frontiersin.org

Journal of Surgery expert consensus on the diagnosis and treatment 
of bone CE, hoping to provide a reference for the management of 
bone CE (Orthopaedics Professional Committee of Xinjiang 
Medical, 2015). The use of improved serological methods and new 
antigen development has undoubtedly improved the specificity and 
sensitivity of diagnosis, but there is a lack of large sample 
verification, which needs to be combined with imaging results. MRI 
is undoubtedly the most suitable imaging examination. The ‘bone 
window ‘and ‘soft tissue window ‘are the most sensitive for the 
diagnosis of bone CE. Therefore, new serological tests combined 
with imaging results can yield greater diagnostic value. Radical 
surgery combined with filler PMMA as the treatment of choice for 
bone CE not only repairs bone defects but can also kill PSCs. 
However, patients with large-bone defects often refuse radical 
surgery, and the risk of cystic-fluid leakage is high in such 
procedures due to cyst location, cyst depth, and degree of bone 
infiltration. Palliative surgical treatment improves patient survival 
while relieving the symptoms. Surgery combined with antiparasitic 
drugs (ABZ, praziquantel) can be used for complex manifestations 
of bone CE, as a chronic disease management, through systematic 
treatment, control and avoid complications.
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Introduction: Shortly before the mass mortality event of the noble pen shell 
(Pinna nobilis) population in the south-eastern Adriatic coast, two rapidly growing 
Mycobacterium strains CVI_P3T (DSM 114013  T, ATCC TSD-295  T) and CVI_P4 
were obtained from the organs of individual mollusks during the regular health 
status monitoring.

Methods: The strains were identified as members of the genus Mycobacterium 
using basic phenotypic characteristics, genus-specific PCR assays targeting 
the hsp65 and 16S rRNA genes and the commercial hybridization kit GenoType 
Mycobacterium CM (Hain Lifescience, Germany). MALDI-TOF mass spectrometry 
did not provide reliable identification using the Bruker Biotyper Database.

Results and discussion: Genome-wide phylogeny and average nucleotide identity 
(ANI) values confirmed that the studied strains are clearly differentiated from their 
closest phylogenetic relative Mycobacterium aromaticivorans and other validly 
published Mycobacterium species (ANI ≤ 85.0%). The type strain CVI_P3T was further 
characterized by a polyphasic approach using both phenotypic and genotypic 
methods. Based on the phenotypic, chemotaxonomic and phylogenetic results, 
we conclude that strains CVI_P3T and CVI_P4 represent a novel species, for which the 
name Mycobacterium pinniadriaticum sp. nov. is proposed.

KEYWORDS

noble pen shell, mass mortality event, Croatia, Mycobacterium, Adriatic Sea, average 
nucleotide identity

1 Introduction

The genus Mycobacterium (M.) was first named in 1896 by Lehmann and Neumann based 
on phenotypic characteristics such as the presence of mycolic acid in the cell wall, aerobic 
growth and bacillary cell shape. Currently, the genus comprises nearly 200 validly published 
species (Parte et al., 2020), including major human pathogens such as M. tuberculosis and 
M. leprae. Based on phenotypic and phylogenomic data, the genus can be divided into rapid and 
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slow growers. A recent study on the genome-wide phylogeny of the 
genus Mycobacterium proposed to split the genus into four new genera 
(Mycolicibacterium, Mycolicibacter, Mycolicibacillus, and 
Mycobacterioides) and an emended genus Mycobacterium (Gupta 
et al., 2018). However, another recent study using multiple genome-
based methods showed that the new genera overlap and therefore 
suggested that they should be combined into a single genus named 
Mycobacterium (Meehan et al., 2021). Based on clinical manifestation, 
most Mycobacterium species are non-tuberculous mycobacteria 
(NTM), many of which are important opportunistic pathogens and 
can be  found in various niches and environments (Fedrizzi et al., 
2017). To date, many new Mycobacterium species have been described, 
which were first described in different environments such as natural 
water ecosystems (Zhang et al., 2013; Fogelson et al., 2018; Nouioui 
et al., 2018) and artificial water systems (Shahraki et al., 2017).

The noble pen shell Pinna (P.) nobilis (Linnaeus, 1758) is endemic 
and the largest bivalve of the Mediterranean Sea, inhabiting soft-
bottom coastal areas and seagrass meadows. Occasionally, it also 
thrives on unvegetated bottoms, maerl beds and boulders (Zavodnik 
et al., 1991; García-March et al., 2002; Kersting and García-March, 
2017; Öndes et al., 2020). Currently, the pen shell populations in the 
Mediterranean Sea are seriously endangered by Haplosporidium (H.) 
pinnae, a haplosporidian endoparasite that causes mass mortality 
events (MMEs). Mortality was first reported in the Western 
Mediterranean, off the coasts of Spain and France in late 2016 
(Darriba, 2017; Vázquez-Luis et al., 2017), later expanding along the 
shores of Turkey, Greece, Albania, and Croatia (Cabanellas-Reboredo 
et al., 2019; Carella et al., 2019; Panarese et al., 2019; Tiscar et al., 2019; 
Čižmek et al., 2020; Šarić et al., 2020; Mihaljević et al., 2021). In just 5 
years, these MMEs were observed in all parts of the Mediterranean 
Sea. Although H. pinnae is believed to be the main cause of mortality, 
mycobacteria have also been detected in the affected shell tissue using 
genetic methods (Carella et al., 2019, 2020; Čižmek et al., 2020; Lattos 
et  al., 2020; Šarić et  al., 2020; Mihaljević et  al., 2021). To our 
knowledge, Mycobacterium sp. has never been successfully cultured 
from the tissue of healthy or diseased P. nobilis. Finally, the hypothesis 
that MMEs are caused by multiple pathogens remains uncertain 
(Scarpa et al., 2020). A pronounced effect of anthropogenic factors 
related to climate change suggests multifactorial disease as a possible 
explanation for the MMEs of P. nobilis (Šarić et al., 2020; Scarpa et al., 
2020). Here, we describe a novel mycobacterial species for which 
we propose the name Mycobacterium pinniadriaticum. Because strains 
CVI_P3T and CVI_P4 were both obtained from a single tissue (gills 
and mantle, respectively) collected a few weeks before the MMEs in 
Mljet National Park (Croatia) in 2019, its possible involvement in 
mass mortality events of pen shells remains to be elucidated.

2 Materials and methods

One of the most important habitats of P. nobilis in the southern 
Eastern Adriatic Sea is the Mljet National Park, which is a very 
productive and biodiverse marine ecosystem and is part of the Natura 
2000 European Network of Protected Areas (code HR5000037). It has 
two lake-like inlets: the Small Lake and the Big Lake. In April 2019, 

health status control was conducted at five sites in Mljet National Park 
located in the southeast Adriatic Sea. Healthy shells were collected in 
April 2019 at a sea temperature of 17.2°C. The deepest points along 
the transects were from 3.8 m to 7.3 m (Mihaljević et al., 2021). Five 
sampling sites were selected according to the most abundant pen shell 
populations. Sampling sites 1 and 2 were located in the Small Lake 
(Supplementary Figure S1), a lake-like inlet connected by a shallow, 
narrow channel to the Big Lake (sampling site 3), which was connected 
to the open sea by a slightly deeper, wider channel. Two additional 
sampling sites besides these lake-like inlets were Gonoturska Bay 
(sampling site 4) and Cape Lenga (sampling site 5) (Mihaljević et al., 
2021). Five healthy individuals were collected, one for each sampling 
site (Mihaljević et al., 2021). Samples of digestive glands, mantles and 
gills were collected for bacteriological examination. All samplings 
were conducted in April 2019 with permission of the Croatian 
Ministry of Environmental Protection and Energy (CLASS UP/1-612-
17/18-48/172; No. 517-05-1-1-18-4 of 21 December 2018 and CLASS 
UP/1-612-07/19-48/193; No. 517-05-1-1-19-3 of 11 September 2019).

Samples were homogenized, concentrated and decontaminated as 
described previously (Kent and Kubica, 1985). The material was 
inoculated on three standard nutrient media: Löwenstein-Jensen (LJ) 
slant supplemented with pyruvate, LJ slant supplemented with 
glycerol, and Stonebrink slant. The inoculated media were incubated 
at 28, 37, and 45°C under light and dark conditions. Each sample was 
decontaminated using 5% oxalic acid for 10 min at room temperature. 
For each sample, 200 μL of homogenized suspension was inoculated 
on standard nutrient media as described previously. Slants were 
checked for growth twice a week for 8 weeks. All grown colonies 
underwent Ziehl-Neelsen (ZN) and Gram staining. Acid-fast bacilli 
indicative of mycobacteria were subcultured (Figure 1). Growth rate, 
ability to grow at different temperatures and colony morphology were 
recorded. Growth, biochemical and phenotypic characterization were 
performed in parallel at the Croatian Veterinary Institute in Zagreb, 
Croatia and the Leibniz-Institut Deutsche Sammlung von 
Microorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, 
Germany.

Mycolic acid analysis was performed at DSMZ on cultures grown 
at 28°C for 9 days on M.65 media plates. Mycolic acids were extracted 
according to the protocol described previously (Vilchèze and Jacobs, 
2007) by hydrolyzing mycolic acids from the cell wall by saponification. 
If the mero-chain contains wax-esters, these are hydrolyzed, resulting 
in the formation of dicarboxy mycolic acids. Mycolic acids were 
identified using mass spectrometry-based on the exact masses of 
mycolic acids. The relative abundance of the mycolic acids was 
calculated based on the sum of the identified mycolic acids. To test for 
the presence of long-chain alcohols, the fatty acid methyl ester 
mixtures were separated by gas chromatography and detected by a 
flame ionization detector using Sherlock Microbial Identification 
System (MIS) version 6.4 and myco6 database (MIDI, Microbial ID, 
Newark, DE, United States). Peaks were automatically integrated and 
fatty acid names and percentages were calculated by the MIS Standard 
Software (Microbial ID). Obtained fatty acid profiles were compared 
with the profiles of other rapidly growing mycobacteria (Vuorio et al., 
1999; Hennessee et al., 2009; Tortoli et al., 2009; Musser et al., 2022).

Antimicrobial susceptibility testing (AST) was performed by 
broth microdilution method using two commercial AST plates, 
namely Sensititre Myco SLOMYCO (Thermo Scientific) and 
RAPMYCO (TREK Diagnostic Systems, East Grinstead, UK). Plates Abbreviations: ANI, Average nucleotide identity; MME, Mass mortality event.
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were incubated at 36 ± 1°C and 25°C for 7 days (up to 14 days if 
bacterial growth was poor).

MALDI-TOF mass spectrometry analysis of the studied strains 
was performed in parallel at UHCZ and DSMZ. The isolates grown on 
a solid medium underwent protein extraction as previously described 
and identification using MALDI Biotyper Mycobacteria Library v6.0 
with MALDI Biotyper Microflex LT/SH (Bruker Daltonics GmbH, 
Bremen, Germany) (O'Connor et al., 2016; Alcaide et al., 2018). The 
Bacterial Test Standard (Bruker Daltonics GmbH, Bremen, Germany) 
was used for calibration. The MALDI-TOF analysis did not provide 
reliable identification using the mycobacterial library mentioned 
above. In addition, the profiles were analyzed in 24 technical replicates 
using flexAnalysis 3.4 software. According to the literature and the 
thresholds used by the manufacturer, scores of ≥1.80 and 1.60 to 1.79 
represented high confidence and low confidence identification, 
respectively. A score of <1.60 is considered unreliable (Rodriguez-
Temporal et al., 2020).

DNA extraction was performed by resuspending a loop-full of a 
bacterial colony in 100 μL of distilled water (AccuGENE, Lonza, 
Belgium), followed by incubation at 95°C for 20 min with shaking at 
350 rpm (Thermomixer comfort, Eppendorf). After centrifugation at 
14,000 g for 1 min (SL8, Thermo Scientific, Germany), the supernatant 
was used as a DNA template for PCR.

Genus identification of strains CVI_P3T and CVI_P4 was 
performed using two genus-specific PCR assays for mycobacteria 
(Supplementary Figures S8, S9). The first assay amplified the hsp65 

gene (encoding the 65-kDa heat shock antigen) with primers TB1 
(5′-GAG ATC GAG CTG GAG GAT CC-3′) and TB2 (5′-AGC TGC 
AGC CCA AAG GTG TT-3′) with an expected product size of 383 bp 
(Hance et al., 1989). The second assay amplified the 16S rRNA gene 
with primers 16S rRNA F (5′-ACG GTG GGT ACT AGG TGT GGG 
TTT C-3′) and 16S rRNA R (5′-TCT GCG ATT ACT AGC GAC TCC 
GAC TTC A-3′) with an expected product size of 564 bp (Devulder 
et al., 2005).

For further identification, the studied strains were tested with 
GenoType Mycobacterium CM (Hain Lifescience, Germany), a 
commercial molecular genetic assay for the identification of clinically 
relevant mycobacterial species from cultured material.

For whole-genome sequencing (WGS), DNA was extracted using 
the NucleoSpin Microbial Mini DNA Kit (Macherey-Nagel, Germany). 
DNA libraries were prepared using the NEBNext Ultra DNA Sample 
Prep Master Mix Kit (NEB). Paired-end (2 × 150 bp) sequencing was 
performed on the NextSeq 6000 System (Illumina) to a minimum 
coverage of 170×. Genome assembly was performed using Shovill 
version 1.0.91 with SPAdes version 3.13.1 (Bankevich et al., 2012) as 
the assembler. Assembly quality was assessed using Quast version 
5.0.2 (Gurevich et al., 2013). The EDGAR 3.0 platform (Dieckmann 
et  al., 2021) was used to construct nucleotide and amino acid 

1 https://github.com/tseemann/shovill

FIGURE 1

(A) Light microscopy of Ziehl-Neelsen-stained strain CVI_P3T at 1000x magnification with oil immersion. Acid-fast rods, separate and in clusters, are 
visible. Smear was prepared from bacterial colonies in pure culture on Löwenstein–Jensen agar supplemented with pyruvate. The photo was taken by 
AxioCam MRC5 with Axio Imager.A2 microscope (CarlZeiss, AG, Germany). (B) Colony morphology of CVI_P3T bacterial colonies in a pure culture 
grown on Löwenstein–Jensen agar supplemented with pyruvate. The image was taken after 14  days of growth at room temperature (24  ±  1°C) using 
the stereomicroscope Discovery v20 (Carl Zeiss AG, Germany).
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alignments of the core genome comprising 1,198 core genes. The 
nucleotide and the amino acid-based core genome phylogeny were 
constructed using RAxML version 8.2.12 (Stamatakis, 2014) with the 
maximum-likelihood method. Average nucleotide identity values 
based on the MUMmer algorithm (ANIm) were calculated using 
pyani version 0.2.11 (Pritchard et  al., 2016). For 16S rRNA gene 
phylogeny, the complete 16S rRNA gene sequences of strains CVI_P3T 
and CVI_P4 were extracted from the annotated draft genomes and 
aligned using Clustal Omega.

3 Results and discussion

Five healthy individuals of the noble pen shell were collected a few 
weeks before the MMEs in Mljet National Park (Croatia) in 2019, one 
for each sampling site. Samples of digestive glands, mantles and gills 
were subjected to bacteriological examination. Growth was detected 
on the slants seeded with samples of gills and a mantle of a single adult 
noble pen shell (53 cm long, 18.5 cm wide and 6.6 cm thick) collected 
at sampling site 1 (Supplementary Figure S1), resulting in the 
acquisition of strains CVI_P3T and CVI_P4. Acid-fast bacilli indicative 
of mycobacteria were subcultured and growth, biochemical and 
phenotypic characterization were performed (Figure 1). The results of 
growth rate, ability to grow at different temperatures and colony 
morphology are summarized and compared with closely related 
organisms in Table 1.

Mycolic acid analysis was performed on the two strains. Fatty acid 
names and percentages were calculated using the MIS Standard 

Software (Microbial ID) and are shown in Supplementary Table S2 
and Supplementary Figures S4–S6.

The MALDI-TOF analysis did not provide reliable identification 
using the mycobacterial library mentioned above. The main spectra 
profiles (MSPs) generated by FlexAnalysis after smoothing and 
subtraction are shown in Supplementary Figure S7. According to the 
literature and the thresholds used by the manufacturer, scores of ≥1,80 
and 1,60 to 1,79 represented high and low confidence identification, 
respectively. A score of <1.60 is considered unreliable (Rodriguez-
Temporal et al., 2020). However, MALDI-TOF analysis performed at 
DSMZ found that the most closely related strain was M. aurum DSM 
6695 with a score value of 1.37. This strain was isolated from the soil 
polluted with vinyl chloride in the Netherlands (Hartmans and de 
Bont, 1992). The most closely matched patterns were also those of 
M. pallens DSM 45404 T DSM b L (score 1.430) and M. crocinum 
DSM 45433 T DSM b L (score 1.220) found by the MALDI-TOF 
analysis in UHCZ. According to the manufacturer, the matching hints 
of M. pallens and M. crocinum were similar to each other. Available 
data on these two species are scarce. Both were first described from 
Hawaiian soils in 2009 as rapidly growing mycobacteria, which can 
degrade polycyclic aromatic hydrocarbons, known organic pollutants 
(Hennessee et al., 2009).

Antimicrobial susceptibility testing (AST) could not be performed 
because bacterial growth was insufficient to determine minimum 
inhibitory concentrations despite several repetitions of the assay.

Genus identification of strains CVI_P3T and CVI_P4 was 
performed using two genus-specific PCR assays for mycobacteria, 
namely hsp65 and 16S rRNA (Supplementary Figures S8, S9). The 

TABLE 1 Phenotypic characteristics of the studied strains CVI_P3T and CVI_P4 and closely related organisms.

Phenotypic 
characters

CVI_P3T/CVI_ P4 Mycobacterium 
crocinum*

Mycobacterium 
pallens*

Mycobacterium 
aromaticivorans*

Mycobacterium 
iranicum**

Origin Pen shell gills Non-contaminated soil Non-contaminated soil Contaminated soil Various human clinical 

samples

Pigment production Yes Yes Yes Yes Yes

Pigment Yellow-orange Yellow-orange Pale-orange Yellow-orange Orange

Pigment classification Scotochromogenic Scotochromogenic Scotochromogenic Scotochromogenic Scotochromogenic

Growth rate Rapid Rapid Rapid Rapid Rapid

Colony morphology Smooth Smooth – Smooth Smooth

Cell morphology Rod-shaped Long thin rods Medium rods Coccoid and long rod 

shapes

–

Ziehl Nielsen Positive Positive Positive Positive Positive

Gram staining Weakly positive Weakly positive Weakly positive Weakly positive Positive

Temperature of 

growth (°C)

25–37°C, optimal at 28°C 28–37°C, optimal at 37°C 28–37°C 28 and 37°C 25–40°C, optimal at 37°C

NaCl tolerance Yes, in aerobic conditions Tolerates 2.5% salinity, not 5% Negative in 2.5 and 5% Tolerates 2.5–5.0% Tolerates 2.5–5.0%

Aerobic growth Aerobic-microaerophilic Aerobic Aerobic Aerobic Microaerophilic

Tween 80 hydrolysis Positive – – – Negative

Nitrate reduction Positive Positive Positive Negative Negative

Urease activity Negative Negative Negative Positive Positive

Catalase activity Negative Positive Positive Positive Positive

* Hennessee et al. (2009).
** Shojaei et al. (2013).
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assays determined the genus but were not specific enough to 
determine the species.

The studied strains were also tested with GenoType 
Mycobacterium CM, a commercial hybridization assay. 
The assay classified strain CVI_P3T into the 
M. scrofulaceum/M. paraffinium/M. parascrofulaceum group 
(Supplementary Figure S10).

Assembly of the whole genome filtered sequences resulted in draft 
genomes of the two strains, both 6.9 Mb in size and had a G + C 
content of 66.3% (Supplementary Table S3). The EDGAR platform 
used to construct nucleotide and amino acid alignments of the core 
genome found 1,198 core genes. The core genome alignment had 
1,457,448 bp and 485,816 amino acid residues per genome. The 
nucleotide and the amino acid-based core genome phylogeny showed 
that the studied strains form a separate clade most closely related to 
M. aromaticivorans, previously described in Hennessee et al. (2009) 
(Figure 2, Supplementary Figure S2).

A pairwise comparison of the two studied strains revealed a 
pairwise ANI value of 100%. Pairwise ANI values with the nine 
selected closely related Mycobacterium species are shown in Figure 3. 
M. aromaticivorans JS19b1 had the highest pairwise ANI value of 
85.0% with M. pinniadriaticum. The calculated ANI values were well 
below the generally accepted threshold for species delineation of 
95–96% ANI (Rosselló-Mora and Amann, 2001; Goris et al., 2007), 
strongly suggesting that the studied strains are representatives of a 
new Mycobacterium species.

The 16S rRNA gene sequences of both isolates were identical and 
were phylogenetically most closely related to M. iranicum M05T 
(Shojaei et  al., 2013) with a pairwise identity of 98.25% 
(Supplementary Figure S3). M. gilvum SM 35 T (Stanford and 
Gunthorpe, 1971) was the best match identified by the EzBioCloud 
16S identification service (Yoon et al., 2017) with 98.88% identity.

The two Mycobacterium strains from two different organs of an 
adult were isolated a few weeks before the MME of the P. nobilis 
population on the eastern coast of the Adriatic Sea. This is the first 
description of Mycobacterium sp. successfully cultured from P. nobilis 
and described to the species level. Its possible involvement in the 
recent MMEs in Croatia and several other locations along the 
Mediterranean Sea remains unclear; therefore, further studies are 
needed to clarify this issue. This hypothesis is supported by the fact 
that the seawater temperature at the time of sampling was lower 
(about 17.2°C) than at the time of the highest mortality rate, which 
occurred later with the increase in seawater temperature to 26°C 
(Mihaljević et al., 2021), which is optimal for the growth of bacterial 
colonies. Lower seawater temperatures may have hindered the growth 
of mycobacteria and/or the establishment of their pathogenic 

FIGURE 2

Amino acid-based phylogenetic tree of the core genome showing 
the phylogenetic position of Mycobacterium pinniadriaticum sp. nov. 
(in bold) within the genus Mycobacterium. M. pinniadriaticum strains 

(Continued)

CVI_P3T and CVI_P4 were obtained from the gills and mantle of a 
noble pen shell, respectively; the shell was collected a few weeks 
before the mass mortality events in Mljet National Park (Croatia) in 
2019. The core genome alignment was constructed using EDGAR 
3.0 and comprised 1,198 concatenated core genes and 477,090 
amino acid residues per genome. The maximum-likelihood 
phylogenetic tree was constructed with RAxML version 8.2.12 with 
the PROTGAMMALGF  substitution model. Values on the branches 
represent bootstrap values. Mycobacterium abscessus GZ002 was 
used as an outgroup and root. Bar, the average number of nucleotide 
substitutions per site.

FIGURE 2 (Continued)
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potential. In addition, the co-occurrence of different pathogens with 
the greatest influence of Mycobacterium and Haplosporidium has been 
previously suggested (Lattos et  al., 2020). Other factors such as 
seawater temperature, salinity, population density, and age of the pen 
shell population should also be considered (Carella et al., 2020; Lattos 
et al., 2020).

4 Description of Mycobacterium 
pinniadriaticum sp. nov.

Mycobacterium pinniadriaticum sp. nov. (pi.ni.ad.ri.ati.kum. 
L. fem. Adj. pinna, from the name of the bivalve mollusk genus, 
isolated from a noble pen shell (Pinna nobilis); N.L. gen. n. adriaticum, 
specific epithet of Adriatic Sea).

Generally, rod-shaped, acid-fast, Gram-positive and acid-resistant 
by Ziehl-Neelsen staining. No spores or filaments were observed by 
microscopy. This is also the case with its closest relatives which are 

also rod-shaped with smaller differences considering the size of the 
rods. The optimal growth temperature is 25–28C in the aerophilic to 
the microaerophilic atmosphere. Bacteria are unable to grow at 
45°C. Its closest relatives grow mostly in an aerobic atmosphere 
optimally at 37°C. Scotochromogenic, yellowish colonies become 
visible after 5–7 days on solid media LJ supplemented with pyruvate 
which is usually the case with its closest relatives. Growth on 
Stonebrink and LJ supplemented with glycerol was noted in 
subcultivation. Growth in the presence of 5% NaCl is also observed. 
The type strain CVI_P3T is negative for urease and catalase activity. 
Salinity tolerance and urease activity differ between species that are 
most closely related. However, catalase activity is negative for 
Mycobacterium pinniadriaticum sp. nov. but usually is positive in its 
closely related species. Additional phenotypic properties are listed in 
Supplementary Table S1. Prominent fatty acids (>11%) are C18:1ω9c 
and C16:1ω6c; the mycolic acid pattern is composed of dicarboxy- or 
dihydroxy-mycolic acids, α-mycolic acids, wax esters and long-chain 
alcohols. Comparing its fatty acid profiles to those of its closely related 

FIGURE 3

Average nucleotide identity (ANI) values of strains CVI_P3T and CVI_P4 compared with selected closely related mycobacterial species.
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species as well as other rapidly growing mycobacteria, the CVI_P3T 
strain has a unique profile. Its closest relatives M. aromaticivorans 
JS19b1 and M. insubricum have the most similar fatty acid profiles 
both in composition and percentages. Other rapidly growing species 
differ significantly in fatty acid composition (Table 2).
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TABLE 2 Comparison of the whole-cell fatty acid composition of the CVI_P3T and CVI_P4 strains and closely related strains of rapidly growing 
mycobacteria.

FAME 1 2 3 4 5 6 7 8 9 10 11 12 13

10:0 0.53 0.23 1.87 ND ND ND ND ND ND ND ND ND ND

12:0 0.88 2.19 0.73 ND ND ND ND ND ND ND ND ND ND

14:0 6.00 9.65 6.95 3.4 3.8 5.4 3.7 7.7 5.0 7.8 3.2 4.8 6.0

15:0 0.64 1.10 1.16 <0.4 <0.4 1.1 <0.4 0.5 0.5 0.2 0.3 <0.4 0.3

16:1ω7c + ω6c 13.48 ND 12.20 ND ND ND ND ND ND ND ND ND ND

16:0 23.59 37.92 23.17 19.6 22.4 19.9 21.9 18.2 19.1 23.7 21.7 23.6 34.1

17:0 0.09 0.86 0.51 ND ND ND ND ND ND ND ND ND ND

18:1ω9c 22.79 26.36 29.69 21.4 20.0 23.5 29.4 18.1 23.2 22.2 17.3 32.4 35.5

18:0 1.36 3.24 1.32 1.3 1.1 0.9 2.7 0.6 3.0 2.1 0.9 1.6 1.0

10Me-18:0 8.54 5.02 3.02 16.6 13.6 13.3 10.6 4.7 3.5 8.4 7.5 2.0 3.9

20:0 0.28 1.15 0.84 <0.4 <0.4 <0.4 0.7 0.6 0.5 0.3 <0.4 1.3 <0.4

1. CVI_P3T; 2. M. insubricum FI-06250 T; 3. M. aromaticivorans JS19b1; 4. M. murale MA112/96 T; 5. M. aurum NCTC 10437 T; 6. M. holderi DSM 44183 T; 7. M. gadium NCTC 10942 T; 8. 
M. diernhoferi DSM 43524 T; 9. M. vaccae NCTC 10916 T; 10. M. komossense ATCC 33013 T; 11. M. austroafricanum DSM 44191 T; 12. M. neoaurum NCTC 10818 T; 13. M. abscessus NCTC 
10882.
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Tick-borne Rickettsia spp. have long been known as causative agents for 
zoonotic diseases. We have previously characterized Rickettsia spp. in different 
ticks infesting a broad range of hosts in Pakistan; however, knowledge regarding 
Rickettsia aeschlimannii in Haemaphysalis and Hyalomma ticks is missing. This 
study aimed to obtain a better understanding about R. aeschlimannii in Pakistan and 
update the knowledge about its worldwide epidemiology. Among 369 examined 
domestic animals, 247 (66%) were infested by 872 ticks. Collected ticks were 
morphologically delineated into three genera, namely, Rhipicephalus, Hyalomma, 
and Haemaphysalis. Adult females were the most prevalent (number ₌ 376, 43.1%), 
followed by nymphs (303, 34.74%) and males (193, 22.13%). Overall, genomic 
DNA samples of 223 tick were isolated and screened for Rickettsia spp. by the 
amplification of rickettsial gltA, ompA, and ompB partial genes using conventional 
PCR. Rickettsial DNA was detected in 8 of 223 (3.58%) ticks including nymphs (5 of 
122, 4.0%) and adult females (3 of 86, 3.48%). The rickettsial gltA, ompA, and ompB 
sequences were detected in Hyalomma turanicum (2 nymphs and 1 adult female), 
Haemaphysalis bispinosa (1 nymph and 1 adult female), and Haemaphysalis 
montgomeryi (2 nymphs and 1 adult female). These rickettsial sequences showed 
99.71–100% identity with R. aeschlimannii and phylogenetically clustered with 
the same species. None of the tested Rhipicephalus microplus, Hyalomma 
isaaci, Hyalomma scupense, Rhipicephalus turanicus, Hyalomma anatolicum, 
Rhipicephalus haemaphysaloides, Rhipicephalus sanguineus, Haemaphysalis 
cornupunctata, and Haemaphysalis sulcata ticks were found positive for rickettsial 
DNA. Comprehensive surveillance studies should be  adopted to update the 
knowledge regarding tick-borne zoonotic Rickettsia species, evaluate their risks 
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to humans and livestock, and investigate the unexamined cases of illness after tick 
bite among livestock holders in the country.

KEYWORDS

ticks, Rickettsia aeschlimannii, Hyalomma turanicum, Haemaphysalis bispinosa, 
Haemaphysalis montgomeryi

Introduction

Ticks are important ectoparasites due to their capacity to feed on 
animals including humans (De la Fuente et al., 2017) and transmit 
various pathogens including viruses, bacteria, and protozoans to their 
hosts (Boulanger et al., 2019). Among bacteria, Rickettsia species are 
transmitted by ticks, mites, and fleas, causing rickettsioses (Fournier 
and Raoult, 2009; Labruna, 2009). The main tick genera that are the 
potential vectors for Rickettsia spp. are Amblyomma, Dermacentor, 
Ixodes, Hyalomma, Rhipicephalus, and Haemaphysalis (Fournier and 
Raoult, 2009). Several studies have revealed the extensive diversity of 
the spotted fever group rickettsiae in different tick species and 
geographic locations (Socolovschi et  al., 2009). Approximately 34 
species in the genus Rickettsia have been validated, and several others 
are yet to be determined to the species level (El Karkouri et al., 2022). 
Spotted fever group Rickettsia spp. are distributed in Pakistan and 
have recently been reported in different ticks including Rh. microplus, 
Rh. haemaphysaloides, Rh. turanicus, H. kashmirensis, and 
H. cornupunctata infesting different animals (Ali et al., 2021, 2022; 
Khan et al., 2023).

Hard ticks are important reservoirs for various Rickettsia species 
including Rickettsia aeschlimannii (Parola et al., 2013). Previously, 
R. aeschlimannii has been detected in different tick species belonging 
to different genera such as Rhipicephalus, Hyalomma, Amblyomma, 
Haemaphysalis, and Ixodes in Morocco, Spain, Senegal, and Bolivia 
(Beati et al., 1997; Fernández-Soto et al., 2003; Mediannikov et al., 
2010; Tomassone et  al., 2010). The first human infection by 
R. aeschlimannii was documented serologically in Morocco (Raoult 
et al., 2002). Till then, several cases of human infection with tick-
borne R. aeschlimannii have been reported (Raoult et al., 2002; Znazen 
et al., 2006; Mokrani et al., 2008; Germanakis et al., 2013; Igolkina 
et al., 2022). Molecular identification and genetic characterization of 
Rickettsia spp. are based on the gltA (citrate synthase gene), ompA 
(outer membrane protein A), ompB (outer membrane protein B), and 
sca4 (surface cell antigen 4) genes (Roux et  al., 1997; Fournier 
et al., 2003).

Earlier, we  characterized pathogenic and undetermined 
Rickettsia spp. associated with different ticks parasitizing a wide 
range of vertebrate hosts in Pakistan (Karim et al., 2017; Ali et al., 
2021, 2022, 2023; Numan et al., 2022; Aneela et al., 2023; Shehla 
et  al., 2023; Ullah et  al., 2023). However, there is a paucity of 
information regarding the presence of R. aeschlimannii in different 
ticks in the country, and its potential risks to the public and animal’s 
health. Updated knowledge regarding the epidemiology, association 
with ticks infesting different hosts, and phylogenetic position of 
spotted fever group (SFG) R. aeschlimannii is essential for effective 
management of infection. This study aimed to molecularly 
characterize tick-borne Rickettsia spp. in selected districts of Pakistan 

and update the information about the global epidemiology of 
uncharacterized Rickettsia spp.

Materials and methods

Study area

Tick specimens were collected from seven districts of Khyber 
Pakhtunkhwa (KP), a province in northwest Pakistan, namely, 
Mohmand (34.5356°N, 71.2874°E), Bajaur (34.7865°N, 71.5249° 
E), Swabi (34.0719°N, 72.4732°E), Charsadda (34.1682°N, 
71.7504°E), Mardan (34.1986°N, 72.0404°E), Dir-Upper 
(35.3356°N, 72.0468°E), and Dir-Lower (34.9161°N, 71.8097°E). 
Data regarding the host, ticks, climate, and location were noted. 
Climatic information was taken from the website climate-data.
org. Geo-coordinates of location sites were obtained from the 
global positioning system and were entered into a spreadsheet, 
and the study map was designed in ArcGIS10.8.1.3 (ESRI, 
Redlands, CA, USA) (Figure 1).

Ethical statement

The design of the current study has received approval from the 
members of the Advanced Study and Research Board (Dir/A&R/
AWKUM/2023/0014) and the Faculty of Zoology Department, Abdul 
Wali Khan University Mardan, Pakistan. Permission was obtained 
from the owner of the animal before collecting ticks from 
their animals.

Collection and morphological 
identification of ticks

Tick specimens were collected conveniently from March 2020 to 
February 2021 from domestic animals in seven districts of Khyber 
Pakhtunkhwa, Pakistan. The collection was opportunistic occurring 
whenever tick-infested animals were found within the survey regions. 
The whole body of the animal was examined for ticks. With the help 
of curved forceps, ticks were collected carefully so that the 
morphological features of ticks were not damaged. Every sample was 
tagged with its location of collection, date, and species of the animal.

The collected tick specimens were morphologically identified 
through a stereo microscope (CM100, China) by using standard 
taxonomic keys (Hoogstraal, 1962, 1966, 1973; Walker et al., 2000; 
Apanaskevich et al., 2008; 2010; Geevarghese and Mishra, 2011; Ali 
et al., 2022).
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Genomic DNA extraction

All ticks were identified morphologically, and genomic DNA was 
individually extracted from a subset of 223 (122N, 86F, and 15M) 
ticks. Ticks were cleaned with 70% ethanol, followed by distilled water 
and phosphate-buffered saline for the elimination of surface 
contaminants. Each rinsed tick was separately kept in a 1.5 mL tube 
and subjected to drying within an incubator for 30 min. Using a 
sterilized scalpel, the samples were cut into pieces inside the Eppendorf 
tube. The phenol-chloroform method was used for the extraction of 
genomic DNA from the ticks (Sambrook et  al., 1989). The DNA 

concentration in each extracted sample was quantified with Nanodrop 
(OPTIZEN, Daejeon, South Korea).

Amplification of targeted rickettsial DNA

The extracted DNA was used in conventional PCR (Thermo 
Fisher Scientific, and Walham, MA, USA), to amplify fragments of 
three genes of Rickettsia, namely, gltA (citrate synthase gene), ompA 
(outer membrane protein A), and ompB (outer membrane protein B). 
PCR was conducted in a 25 μL reaction mixture, containing 1 μL of 

FIGURE 1

Map showing locations in seven districts of Khyber Pakhtunkhwa, where ticks were collected from domestic animals.
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each primer (forward and reverse primers), 8.5 μL of PCR water, 2 μL 
of template DNA, and 12.5 μL of DreamTaq PCR Master Mix (2×) 
(Thermo Scientific, Waltham, MA, USA). The primers used in the 
current study are presented in Table 1, and thermocycling conditions 
were set as previously used (Regnery et al., 1991; Roux and Raoult 
2000; Labruna et al., 2004). Positive and negative control samples were 
Rickettsia massiliae DNA and “nuclease-free” water, respectively 
(Shehla et  al., 2023). The amplified products of each PCR were 
observed by electrophoresis on 2% agarose gel and stained with 
ethidium-bromide, and the results were visualized on the Gel Doc 
system (BioDoc-It™ Imaging Systems, Upland, CA, USA).

Sequencing and phylogenetic analysis

The amplified DNA fragments were purified using the GENECLEAN 
II Kit (Qbiogene, Illkirch, France) and sequenced using the Sanger 
sequencing (Macrogen, Inc., Seoul, South Korea) in both forward and 
reverse directions. Poor-quality sequences were removed by trimming 
all the obtained sequences using SeqMan v 5.00 (DNASTAR, Inc.), and 
a consensus sequence was generated. Sequences with the highest identity 
were selected from GenBank using the Basic Local Alignment Search 
Tool (BLAST) on the user interface of National Center for Biotechnology 
Information, and these sequences were aligned with the obtained 
sequences by BioEdit v. 7.0.5 using CLUSTALW multiple alignments 
(Thompson et al., 1994), followed by MUSCLE alignment (Edgar, 2004). 
The Neighbor-Joining method was applied for obtaining phylogenies 
with 1,000 bootstrap replicates in Molecular Evolutionary Genetic 
Analysis (MEGA-X) software (Kumar et al., 2018). The sequences that 
were obtained made up the final positions in the dataset.

Data analysis

The recorded data of tick-infested hosts and tick distribution were 
described with frequency and percentage using descriptive statistics. 
Fisher’s exact test was used to determine the association between host, 
tick species, rickettsial species, and locations in GraphPad Prism 
software (V 5.0). p-value <0.05 was considered as significant standard.

Literature-based search

The literature-based search was carried out by using different 
databases including ScienceDirect, PubMed, Web of Sciences, and 

Google Scholar to collect published data regarding Rickettsia 
aeschlimannii in different tick species, wild and domestic animals, 
humans, environment, and vegetation. The search was conducted by 
using some keywords, such as ticks, tick-borne pathogens, domestic 
animals, small ruminants, zoonosis, livestock, and Rickettsia 
aeschlimannii. Complete research articles, short communication, 
review papers, and conference articles were downloaded by using a 
combination of the above mentioned keywords. Lists of references 
from downloaded studies were examined to relevant articles (Table 2).

Results

Identified ticks

A total of 369 domestic animals were examined in 7 districts 
including Mohmand (23 cattle, 14 goats, and 12 sheep), Dir 
Upper (20 cattle, 15 goats, 12 sheep, and 7 dogs), Dir lower (26 
cattle, 17 goats, 13 sheep, and 5 dogs), Bajaur (19 cattle, 16 goats, 
13 sheep, and 11 dogs), Charsadda (17 cattle, 15 goats, 13 sheep, 
and 5 dogs), Mardan (16 cattle, 13 goats, 20 sheep, and 5 dogs), 
and Swabi (17 cattle, 13 goats, 10 sheep, and 4 dogs) (p = 0.248). 
Of the examined hosts, 66% (247 of 369) of hosts were parasitized 
by 872 ticks of various life stages (Table  3), having a mean 
intensity of 3.5 ticks/infested host while the mean abundance was 
2.3 ticks/examined host. The highest tick infestation was found 
on goats (74 of 103, 71.8%) compared with cattle (99 of 138, 
71.7%), sheep (62 of 91, 60%), and dogs (12 of 37, 32.4%) 
(p < 0.0001). All collected ticks belonged to three different genera 
of ixodid ticks, namely, Rhipicephalus, Hyalomma, and 
Haemaphysalis. Adult female including engorged ticks were the 
most prevalent (376, 43.1%), followed by nymphs (303, 34.74%) 
and males (193, 22.13%) (Table 3) (p < 0.0001). The highest tick 
burden was observed on domestic animals in the Bajaur district 
(19.3%), followed by Mardan (15%), Swabi (14.9%), Charsadda 
(13.9%), Mohmand (13.3%), Dir Upper (12.7%), and Dir Lower 
(10.6%) (p < 0.0001). The most dominant species was 
Rhipicephalus microplus (19.0%), followed by Hyalomma 
anatolicum (15.7%), Rhipicephalus turanicus (11.5%), 
Haemaphysalis sulcata (10.6%), Haemaphysalis bispinosa (9.8%), 
Haemaphysalis montgomeryi (9.1%), Rhipicephalus sanguineus 
(8.8%), Hyalomma scupense (4.9%), Rhipicephalus 
haemaphysaloides (3.8%), Haemaphysalis cornupunctata (2.7%) 
Hyalomma isaaci (1.9%), and Hyalomma turanicum (1.60%) 
(p < 0.0001).

TABLE 1 Primers used for the amplification of rickettsial DNA in the current study.

Gene Primer Sequence(5′-3′) Amplicon size
Annealing

Temperatures
Reference

gltA CS-78 GCAAGTATCGGTGTGAGGATGTAAT 401 bp 56°C Labruna et al. (2004)

CS-323 GCTTCCTTAAAATTCAATAAATCAGGAT

ompA Rr190.70p ATGGCGAATATTTCTCCAAAA 532 bp 55°C Regnery et al. (1991)

Rr190.602n AGTGCAGCATTCGCTCCCCCT

ompB 120-M59 CCGCAGGGTTGGTAACTGC 862 bp 50°C Roux and Raoult (2000)

120–807 CCTTTTAGATTACCGCCTAA
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TABLE 2 Global epidemiology of Rickettsia aeschlimannii detected in different ticks and vertebrate hosts including human.

Continents Country Tick specie/Source Host Reference

Africa Algeria Hy. scupense Sheep Bitam et al. (2006)

Hy. marginatum marginatum Cattle, sheep Bitam et al. (2006)

Hy. aegyptium Tortoises Bitam et al. (2009)

Hy. marginatum rufipes Camels Djerbouh et al. (2012)

Hy. scupense, Hy. anatolicum Cattle Leulmi et al. (2016)

Hy. marginatum, Hy. scupense, Hy. impeltatum Cattle, goats, sheep, and equids Sadeddine et al. (2020)

Angola Hy. turncatum Cattle Palomar et al. (2022)

Benin A. variegatum, Rh. microplus, Hy. rufipes Cattle Yessinou et al. (2023)

Cameroon Hy. rufipes, Hy. truncatum Cattle Vanegas et al. (2018)

Hy. rufipes, Hy. turncatum Nile Monitor, Hedgehog Paguem et al. (2023)

Chad Hy. marginatum rufipes Camels Mura et al. (2008b)

Egypt Hy. dromedarii Camels Loftis et al. (2006)

Hy. marginatum rufipes Cows

Hy. impeltatum Cows

Hy. anatolicum excavatum, Hy. impeltatum, Hy. dromedarii, Hy. 

marginatum marginatum

Ruminants, camels, sheep, and cattle Allam et al. (2018)

Ethiopia Hy. marginatum rufipes Cattle Mura et al. (2008a)

Ghana A. variegatum, Hy. rufipes, Rh. evertsi, Rhipicephalus sp. Cattle, goats, and sheep Addo et al. (2023)

Kenya Hy. truncatum, Hy. marginatum, Rh. pulchellus, A. variegatum, Hy. 

truncatum, Hyalomma spp.

Camel, cattle, and goat Koka et al. (2017)

Hy. truncatum, Hy. marginatum rufipes, Rh. pulchellus Sheep and goats Omondi et al. (2017)

Hy. truncatum Domestic animals Mutai et al. (2013)

Rh. sanguineus, Hy. truncatum, Hy. marginatum rufipes Domestic animals Diarra et al. (2017)

Rh. pulchellus, Hy. dromedarii, Hy. rufipes, Hy. truncatum, Hy. 

impeltatum

Camels and sheep Getange et al. (2021)

A. gemma Cattle Godani et al. (2022)

Mali Hy. marginatum rufipes Cattle Parola et al. (2001)

Morocco Unknown Human Raoult et al. (2002)

Hy. marginatum Cattle Beati et al. (1997)

Niger Hy. marginatum rufipes Cattle Parola et al. (2001)

Nigeria Hy. impeltatum, Hy. rufipes Camels Kamani et al. (2015)

Hy. dromedarii, Hy. truncatum, Hy. rufipes, Hy. impeltatum Camels Onyiche et al. (2020)

Senegal Hy. marginatum rufipes, Hy. truncatum, Rh. evertsi evertsi Cows, donkeys, sheep, goats, and horses Mediannikov et al. (2010)

Hy. m. rufipes, Rh. evertsi, Hy. impeltatum Domestic animals Sambou et al. (2014)

South Africa Rh. appendiculatus Human Pretorius and Birtles (2002)

Hy. marginatum Domestic animals Sarih et al. (2008)

Rh. appendiculatus Cattle Pretorius and Birtles (2002)

Hy. rufipes, Rh. appendiculatus, Rh. evertsi Donkeys Halajian et al. (2018)

Sudan Hy. dromedarii, Hy. truncatum Camels Morita et al. (2004)

Rh. evertsi, Hy. rufipes Domestic animals Springer et al. (2020)

Hy. rufipes, Hy. dromedarii Camels Shuaib et al. (2020)

Tunisia Hy. dromedarii Camel Demoncheaux et al. (2012)

Unknown Human Znazen et al. (2006)

Rh. sanguineus Dogs Khrouf et al. (2014)

Hy. impeltatum, Hy. dromedarii Camels Selmi et al. (2020)

Hy. marginatum, Rh. sanguineus Cattle Kratou et al. (2023)

(Continued)
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Continents Country Tick specie/Source Host Reference

Zambia Hy. truncatum Dogs and cattle Qiu et al. (2022)

Hyalomma spp. Cattle Chitanga et al. (2021)

Asia

H. punctata Cattle, sheep Song et al. (2018)

Rh. turanicus Sheep Wei et al. (2015)

Hy. marginatum Yaks Jiao et al. (2022)

Iran Rh. sanguineus, Hy. rufipes, Unknown Saman and Chegeni (2022)

Hy. marginatum, Rh. sanguineus Dogs, sheep Ghasemi et al. (2022)

Israel Hy. turanicum, Hy. dromedarii, Hy. excavatum Camel Kleinerman et al. (2013)

Rh. sanguineus Dogs Mumcuoglu et al. (2022)

Hy. marginatum Horse Azagi et al. (2017)

Kazakhstan H. punctata Vegetation Shpynov et al. (2004)

Lebanon Rh. annulatus, Hy. anatolicum, Rh. sanguineus Farms De Mera et al. (2018)

Europe Austria Hy. marginatum Migratory birds Duscher et al. (2018)

Bulgaria Hy. anatolicum, Hy. marginatum, Hy. excavatum, Rhipicephalus spp. Dogs and cattle Nader et al. (2018)

Croatia Hy. marginatum Cattle Punda-Polic et al. (2003)

England Hy. marginatum Human McGinley et al. (2021)

France Hy. marginatum Sheep, humans, cattle, vegetation, wild boar, 

cattle, sheep, humans (on clothes), and 

vegetation

Matsumoto et al. (2004)

Hyalomma sp. Migratory birds Socolovschi et al. (2011)

Hy. marginatum rufipes Migratory birds Matsumoto et al. (2004)

Hy. marginatum, Rh. sanguineus, Hy. scupense, Rh. bursa Domestic and wild animals Grech-Angelini et al. (2020)

Germany Hy. marginatum Migratory birds Rumer et al. (2011)

Hy. marginatum, Hy. rufipes Sheep, horse, and cat Chitimia-Dobler et al. (2019)

Georgia H. sulcata, Hy. scupense, Hy. marginatum, H. punctata, Cows and dogs Sukhiashvili et al. (2020)

Greece Hy. aegyptium Wild birds Diakou et al. (2016)

Hy. anatolicum Sheep Psaroulaki et al. (2006)

Greece and Italy Hy. marginatum, Hy. rufipes, I. frontalis, Haemaphysalis sp. Migratory birds Wallmenius et al. (2014)

Serbia I. ricinus Humans Banović et al. (2022)

Italy Hy. lusitanicum Humans Otranto et al. (2014)

Hy. lusitanicum, Hy. marginatum, D. marginatus, I. ricinus Humans Blanda et al. (2017)

I. ricinus, Rh. turanicus Insugherata Natural Reserve Mancini et al. (2015)

Hy. marginatum, Hy. lusitanicum Humans, domestic mammals, and wildlife Chisu et al. (2018)

Hy. marginatum Herbivores (donkeys, cattle, and sheep) Beninati et al. (2005)

D. marginatus Dogs Sgroi et al. (2022)

Hy. marginatum Vegetation Tomassone et al. (2013)

Hy. marginatum, Hy. truncatum, Hy. rufipes, Hyalomma sp. Great reed warbler, Reed warbler, Icterine 

warbler, Western yellow wagtail, Whinchat, 

Garden warbler, European pied flycatcher, 

Sedge warbler, Spotted flycatcher, Common 

whitethroat, Common redstart, Common 

nightingale, Collared flycatcher, Subalpine 

warbler, and Northern wheatear

Pascucci et al. (2019a,b)

Hy. rufipes, A. marmoreum, Hyalomma sp. Black redstart, Pied flycatcher, Redstart, Tree 

pipit, Whinchat, Whitethroat, Collared 

flycatcher, European robin, Northern weathear, 

Redstart, Song thrush, Whinchat, Whitethroat, 

and Wood warbler

Battisti et al. (2020)

(Continued)
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Detection of Rickettsia spp. in ticks

DNA of a subset of 223 ticks was used for the detection of 
Rickettsia spp. by the amplification of three rickettsial markers, 
namely, gltA, ompA, and ompB gene fragments. Positive ticks for 
rickettsial gltA were also positive when tested with the primers of 
ompA and ompB. In total, 8 out of 223 (3.58%) ticks including 5 
of 28 (17.85%) from Mohmand, 2 of 30 (6.6%) from Dir Lower, 
and 1 of 27 (3.7%) from Bajaur were found positive for Rickettsia 

spp. (P, 0.1621). Rickettsial DNA was found in three tick species, 
namely, H. montgomeryi, H. bispinosa, and H. turanicum, which 
was collected from sheep and goats. The overall prevalence of 
Rickettsia spp. was 3.58% (8 of 223). No rickettsial DNA was 
detected in Rh. microplus (27), Hy. isaaci (4), Hy. scupense (11), 
Rh. turanicus (33), Hy. anatolicum (33), Rh. haemaphysaloides 
(12), Rh. sanguineus (23), H. cornupunctata (7), and H. sulcata 
(23). Information regarding the prevalence of Rickettsia spp. in 
various ticks is shown in Table 3.

Continents Country Tick specie/Source Host Reference

Hy. rufipes Whitethroat tree pipit, Northern, Wheatear, 

and Whinchat

Rollins et al. (2021)

Human Human Tosoni et al. (2016)

Hy. marginatum Wild boar Maioli et al. (2009)

Hy. m. marginatum, Hyalomma spp., Amblyomma sp. Migratory birds Toma et al. (2014)

Hy. truncatum, Hy. rufipes Cattle Tomassone et al. (2016)

Hy. marginatum rufipes Cattle Ehounoud et al. (2016)

Hy. marginatum Free living Scarpulla et al. (2016)

Hy. m. marginatum Mouflon Chisu et al. (2018)

Hy. marginatum C. elaphus Pascucci et al. (2019a,b)

Poland D. reticulatus Human Koczwarska et al. (2023)

Portugal Hy. marginatum Wild birds Santos-Silva et al. (2006)

Russia (western 

Russia)

Hy. marginatum Cattle and vegetation Shpynov et al. (2009)

Romania Hy. marginatum Cattle Andersson et al. (2018)

H. concinna Hedgehogs Borşan et al. (2021)

Spain H. inermis Vegetation Portillo et al. (2008)

Hy. marginatum Humans Fernández-Soto et al. (2009)

Hy. marginatum, H. punctata, I. ricinus, Rh. bursa, Rh. turanicus, Rh. 

sanguineus

Humans Fernández-Soto et al. (2003)

Hy. marginatum Humans and cows Oteo et al. (2005)

Spain and 

Morocco

Hy. marginatum Humans and birds Palomar et al. (2016)

Sweden Hy. rufipes, Hy. marginatum Humans, Horse Grandi et al. (2020)

Turkey Hy. marginatum Humans Keskin et al. (2016)

Hy. marginatum Humans Keskin and Bursali, 2016

Rh. bursa, Hy. marginatum, Hyalomma sp. Humans Gargili et al. (2012)

Hy. marginatum Humans Bursalı et al. (2017)

Hy. marginatum, Hy. aegyptium, Rh. turanicus, H. parva, H. 

punctata, H. sulcata, D. marginatus, I. ricinus, Hyalomma spp.

Humans Karasartova et al. (2018)

Hy. scupense, Hy. aegyptium, Hy. marginatum, Hy. excavatum Humans Orkun et al. (2014)

Rh. turanicus, Hy. marginatum Wild boar Orkun and Çakmak (2019)

Hy. aegyptium Hedgehogs Orkun and Çakmak (2019)

Hy. marginatum, Rh. bursa Cattle, goat Demir et al. (2020)

Hy. aegyptium Testudo graeca Akveran et al. (2020)

United 

Kingdom

Hy. rufipes Horse Hansford et al. (2019)

South America Bolivia A. tigrinum Dogs Tomassone et al. (2010)

North America Panama A. dissimile Boa constrictor, Dasypus novemcinctus Bermudez et al. (2021)
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TABLE 3 Occurrence of ticks infesting various domestic animals and detection of rickettsial DNA associated with ticks.

District/Areas Host No. of examined 
host

No. of infested 
host

Collected Tick 
species

No. of Nymphs/
Female/male

Total No. of ticks Molecularly 
screened Ticks*

Rickettsia spp. detected via 
gltA, ompA, ompB

Mohmand/ Rural Cattle 23 15 Hy. anatolicum 8 N/3F/2F*/2M 15 3N,1F 0

Rh. microplus 8 N/7F/3F*/7M 25 3N,1F 0

Goats 14 9 Hy. turanicum 5N/5F/1F*/3M 14 2N,2F 2N,1F

H. sulcata 6N/7F/3M 16 2N,1F,1M 0

Sheep 12 8 Hy. isaaci 6N/7F/4M 17 2N,2F 0

H. bispinosa 6N/7F/3M 16 2N,1F,1M 1N,1F

H. montgomeryi 3N/8F/2M 13 2N,2F 0

Total 49 32 (8.6%) 42N/44F/6F*/24M 116 (13.3%) 16N,10F,2M 3N,2F

Dir Upper/ Rural Cattle 20 14 Rh. haemaphysaloides 2N/6F/2M 10 2N,2F 0

Rh. microplus 9N/7F/3F*/8M 27 2N,2F 0

Goats 15 9 Rh. turanicus 4N/5F/2M 11 2N,2F 0

H. montgomeryi 2N/8F/2M 12 2N,2F 0

Sheep 10 8 H. sulcata 5N/6F/2M 13 2N,2F 0

Hy. scupense 2N/6F/1M 9 2N,2F 0

Hy. anatolicum 5N/3F/3F*/4M 15 2N,2F 0

Dogs 7 3 Rh. sanguineus 5N/6F/3M 14 2N,2F 0

Total 52 34 (9.2%) 34N/47F/6F*/24M 111 (12.7%) 16N,16F 0

Dir lower/Rural Cattle 26 18 Rh. microplus 10N/6F/4F*/9M 29 2N,2F,1M 0

Goats 17 11 H. bispinosa 2N/8F/2M 12 3N,2F 0

H. montgomeryi 2N/10F/3M 15 2N,2F,1M IN,1F

Sheep 13 7 H. sulcata 2N/8F/3M 13 3N,2F 0

Dogs 5 2 Rh. turanicus 4N/5F/3M 12 3N,2F 0

Rh. sanguineus 5N/3F/2F*/2M 12 3N,2F 0

Total 61 38 (10.2%) 25N/40F/6F*/22M 93 (10.6%) 16N,12F,2M 1N,1F

Bajaur/Rural Cattle 19 17 Rh. microplus 10N/8F/2F*/8M 28 2N,1F 0

Hy. anatolicum 6N/5F/3F*/7M 21 2N,1F 0

Goats 16 14 H. sulcata 7N/8F/4M 19 2N,1F 0

H. montgomeryi 7N/8F/3M 18 2N,1F 0

Rh. turanicus 5N/4F/2M 11 2N,1F 1N

Sheep 13 10 Rh. turanicus 8N/4F/2F*/3M 17 1N,1F,1M 0

H. sulcata 7N/8F/3M 18 1N,1F,1M 0

H. bispinosa 8N/9F/5M 22 2N,1F 0

Dogs 11 2 Rh. sanguineus 5N/5F/2F*/3M 15 1N,1F,1M 0

Total 59 43 (11.65%) 63N/59F/9F*/38M 169 (19.3%) 15N,9F,3M 1N

(Continued)
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District/Areas Host No. of examined 
host

No. of infested 
host

Collected Tick 
species

No. of Nymphs/
Female/male

Total No. of ticks Molecularly 
screened Ticks*

Rickettsia spp. detected via 
gltA, ompA, ompB

Charsadda/Urban Cattle 17 9 Rh. microplus 8N/4F/4F*/7M 23 2N,2F 0

Rh. haemaphysaloides 6N/4F/2M 12 3N,1F 0

Goats 15 12 Rh. haemaphysaloides 3N/8F/1M 12 3N,1F 0

Rh. turanicus 3N/4F/2M 9 2N,2F 0

Hy. anatolicum 6N/4F/2F*/4M 16 2N,1F,1M 0

Sheep 13 8 H. cornupunctata 2N/5F/1M 8 2N,2F 0

H. bispinosa 2N/4F/1M 7 2N,2F 0

Hy. anatolicum 5N/3F/3F*/3M 14 2N,2F 0

Dogs 5 2 Rh. turanicus 4N/5F/2M 11 2N,2F 0

Rh. sanguineus 4N/4F/2M 10 3N,1F 0

Total 50 31 (8.40%) 43N/45F/9F*/25M 122 (13.9%) 23N,16F,1M 0

Mardan/Urban Cattle 16 13 Rh. microplus 6N/4F/2F*/4M 16 2N,1F 0

Hy. anatolicum 5N/3F/2F*/4M 14 2N,1F 0

Goats 13 9 Rh. turanicus 4N/3F/2M 10 2N,1F 0

Hy. anatolicum 4N/5F/2F*/2M 11 2N,1F 0

Sheep 20 14 H. cornupunctata 6N/6F/4M 16 2N,1F 0

Hy. scupense 5N/8F/3M 18 2N,1F 0

H. bispinosa 5N/5F/2F*/3M 15 1N,1F,1M 0

H. montgomeryi 2N/4F/2M 6 1N,1F,1M 0

Dogs 5 2 Rh. sanguineus 5N/6F/3M 14 2N,1F 0

Rh. turanicus 4N/4F/3M 11 1N,1F,1M 0

Total 54 38 (10.2%) 47N/46F/8F*/30M 131 (15.0%) 17N,10F,3M 0

Swabi/Urban Cattle 17 13 Rh. microplus 6N/5F/3F*/4M 18 3N,1F 0

Hy. anatolicum 5N/4F/2F*/3M 14 2N,1F,1M 0

Rh. turanicus 4N/3F/2M 9 2N,1F,1M 0

Goats 13 10 H. bispinosa 5N/5F/4M 14 2N,1F,1M 0

H. montgomeryi 6N/6F/4M 16 2N,2F 0

Sheep 10 7 Hy. scupense 6N/4F/2F*/4M 16 2N,1F,1M 0

Hy. anatolicum 7N/4F/2F*/4M 17 2N,2F 0

H. sulcata 5N/6F/3M 14 2N,2F 0

Dogs 4 1 Rh. sanguineus 5N/5F/2M 12 2N,2F 0

Total 44 31 (8.40%) 49N/42F/9F*/30M 130 (14.90) 19N,13F,4M 0

Overall total 369 (66.65) 303N/323F/53F*/193M 872 122N,86F,15M 5N,3F

N, nymphs; F, Adult females; F*, Engorged females; M, males. *Ticks subjected to PCR to screen for Rickettsia spp.

TABLE 3 (Continued)
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Sequence and phylogenetic analysis

Assembled contigs of direct and reverse sequence reads for each 
PCR-amplified fragment were analyzed. Due to a single haplotype, 
consensus sequences were generated for each partial gene. The consensus 
sequence of gltA (348 bp) showed 100% identity with R. aeschlimannii 
from Russia, Senegal, and Kazakhstan, followed by 99.71% identity with 
R. aeschlimannii-type strain from Morocco. Similarly, 100% identity was 
shown by the obtained ompA (467 bp) consensus sequence with 
R. aeschlimannii from Russia, Spain, Turkey, and Kazakhstan, followed by 
99.79% identity with R. aeschlimannii-type strain. Similarly, the ompB 
(764 bp) consensus sequence also showed 100% identity with 
R. aeschlimannii from Kazakhstan, Russia, Italy, and Portugal, followed by 
99.74% identity with R. aeschlimannii-type strain. In all cases, the query 
coverage was 100%. The obtained rickettsial gltA sequence (accession 
number: OR351959), ompA sequence (accession number: OR351960), 
and ompB sequence (accession number: OR351961) were submitted 
to GenBank.

In phylogenetic tree based on rickettsial gltA, R. aeschlimannii 
clustered with R. aeschlimannii reported from Senegal (HM050283) 
and Kazakhstan (MW922554) (Figure 2). Rickettsial ompA clustered 
with R. aeschlimannii reported from Senegal (HM050286), Kazakhstan 
(MW922585), and Morocco (U43800) (Figure  3), while ompB 
sequence clustered with R. aeschlimannii reported from China 
(MF098413), Senegal (HM050278), and Morocco (AF123705) 
(Figure 4).

Discussion

Previous studies have recorded the presence of Rickettsia spp. in 
different tick-infesting hosts in Pakistan. However, there was a paucity 
of information regarding R. aeschlimannii in the region. This study 
presents the first report on molecular detection of R. aeschlimannii in 
H. bispinosa, H. montgomeryi, and Hy. turanicum ticks collected from 
sheep and goats in Pakistan. The obtained sequences showed maximum 

FIGURE 2

Phylogenetic analysis based on the gltA sequences of Rickettsia aeschlimannii. The obtained sequences of the present study are indicated in bold and 
underlined fonts. Rickettsia akari and Rickettsia australis were used as out-group.
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identity and phylogenetically clustered with Rickettsia aeschlimannii, 
which confirms the occurrence of Rickettsia aeschlimannii in the 
regions. Rickettsia aeschlimannii, an emerging pathogen with zoonotic 
potential, has been observed to cause infections in humans across 
various countries such as Morocco (Raoult et  al., 2002), Tunisia 
(Znazen et  al., 2006), Algeria (Mokrani et al., 2008), Greece 
(Germanakis et  al., 2013), and Russia (Igolkina et  al., 2022). The 
detection of R. aeschlimannii in tick-parasitizing domestic animals 
suggests a high exposure of livestock holders to this pathogen.

Small ruminants (goats and sheep), domestic dogs, and cattle were 
found infested by the ticks of genera Rhipicephalus, Hyalomma, and 
Haemaphysalis. Among the collected ticks, Rh. microplus, Hy. 
anatolicum, H. bispinosa and H. montgomeryi were the dominant tick 
species. These findings mirror the pattern observed in other previous 
studies conducted in same region (Karim et al., 2017; Ali et al., 2019; 
Alam et al., 2022; Khan Z. et al., 2022; Tila et al., 2023) underscoring 
the regional significance of these tick species. Furthermore, it 
emphasizes the need for further research to comprehensively 
investigate their prevalence, distribution, and potential implications 
for public health (Ali et al., 2023).

Ticks of different genera have been reported as carriers for 
various Rickettsia spp. in Pakistan (Ali et  al., 2021, 2022; Khan 
M. et al., 2022; Khan Z. et al., 2022; Numan et al., 2022; Ullah et al., 
2023). Herein, Rickettsia aeschlimannii was detected in H. bispinosa, 
H. montgomeryi, and Hy. turanicum ticks using three genetic 
markers, namely, gltA, ompA, and ompB. To date, there has been a 
lack of information regarding the detection of R. aeschlimannii in 
H. bispinosa and H. montgomeryi tick-infesting domestic animals, 
such as goats and sheep. There is also a possibility that the rickettsial 
DNA is detected in the ticks may be due to ingesting rickettsemic 
host blood. Literature search revealed that R. aeschlimannii is 
associated with a variety of tick species belonging to six genera of 
hard ticks, namely, Hyalomma, Rhipicephalus, Haemaphysalis, 
Amblyomma, Dermacentor, and Ixodes (Parola et  al., 2001; 
Fernández-Soto et al., 2003; Shpynov et al., 2004; Tomassone et al., 

FIGURE 4

Phylogenetic analysis based on the sequences of the ompB genes of 
R. aeschlimannii. The obtained sequences in the present study are 
indicated in bold and underlined fonts. Rickettsia australis used as an 
out-group.

FIGURE 3

Phylogenetic analysis based on the ompA sequences of R. 
aeschlimannii. The sequences obtained in this study are indicated in 
bold and underlined fonts. Rickettsia australis is used as an out-
group.
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2010; Karasartova et  al., 2018). Furthermore, there are limited 
reports, which have detected this pathogen in Asia (Wei et al., 2015; 
Satjanadumrong et al., 2019). This study found its association with 
two new ticks, expanding its known host and geographical range. 
The detection of R. aeschlimannii in Hyalomma and Haemaphysalis 
ticks suggests a potential threat to livestock holders. Additionally, 
the rate of R. aeschlimannii was observed highest in Haemaphysalis 
ticks, which are the primary ticks that infest goats and sheep. This 
enhances the feasibility of public health risks as these ticks may 
occasionally infest humans (Guglielmone and Robbins, 2018). 
Rickettsia aeschlimannii has been detected in all life stages of ticks, 
such as adult females, males, larvae, and nymphs (Raoult et al., 
2002; Shpynov et al., 2009; Germanakis et al., 2013; Orkun et al., 
2014; Wallmenius et  al., 2014; Tosoni et  al., 2016). This study 
presents the first molecular evidence of R. aeschlimannii in 
H. bispinosa and H. montgomeryi ticks, which suggests that other 
tick species could also serve as competent vectors for this pathogen 
in the region.

Molecular methods are considered faster and more accurate 
for the genetic characterization and phylogenetic analysis of 
Rickettsia spp. (Fournier et al., 1998; Roux and Raoult, 2000). The 
gltA, ompA, ompB, and sca4 DNA sequences have been used as 
suitable genetic markers to discriminate different Rickettsia spp 
(Roux and Raoult, 2000; Fournier et  al., 2003; Labruna et  al., 
2004). Herein, these sequences were targeted for molecular 
characterization and phylogenetic analysis of R. aeschlimannii 
which revealed the close relatedness with corresponding species 
of the SFG. We assume that human infection caused by rickettsial 
agents of SFG maybe underreported due to the lack of 
epidemiological information among health practitioners and 
laboratory technicians and the lack of diagnostic procedures in 
Pakistan, given the relevance of the occurrence of these agents in 
the region. Further studies in the region should be encouraged to 
obtain information on zoonotic outcomes due to these 
infectious agents.

Conclusion

This study for the first time contributes to the neglected knowledge 
and genetic characterization of tick-borne R. aeschlimannii in 
H. bispinosa, H. montgomeryi, and Hy. turanicum ticks in Pakistan. 
The results of this study also indicated that goats and sheep are 
exposed to R. aeschlimannii. Further molecular studies are important 
to screen R. aeschlimannii in livestock and livestock holders who have 
close contact with domestic animals.
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Evaluation of the antibacterial 
effect of Epigallocatechin 
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and therapeutic effects on 
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Teaching Hospital, Beijing, China

Background: Periodontal disease (PD) is a prevalent oral affliction in canines, 
with limited therapeutic options available. The potential transmission of 
oral bacteria from canines to humans through inter-species contact poses 
a risk of zoonotic infection. Epigallocatechin gallate (EGCG), the principal 
catechin in green tea polyphenols, exhibits antibacterial properties effective 
against human PD. Given the clinical parallels between canine and human 
PD, this study explores the feasibility of employing EGCG as a therapeutic 
agent for canine PD.

Methods and results: Initially, a survey and statistical analysis of bacterial 
infection data related to canine PD in China were conducted. Subsequently, 
the primary pathogenic bacteria of canine PD were isolated and cultivated, 
and the in vitro antibacterial efficacy of EGCG was assessed. Furthermore, 
verify the therapeutic effect of EGCG on a mouse PD model in vivo. The 
high-throughput 16S rRNA gene sequencing identified Porphyromonas, 
Fusobacterium, Treponema, Moraxella, and Capnocytophaga as the genera 
that distinguishing PD from healthy canines’ gingival crevicular fluid (GCF) 
samples in China. The anaerobic culture and drug susceptibility testing 
isolated a total of 92 clinical strains, representing 22 species, from 72 canine 
GCF samples, including Porphyromonas gulae, Prevotella intermedia, 
Porphyromonas macacae, etc. The minimum inhibitory concentration 
(MIC) ranging of EGCG was from 0.019 to 1.25  mg/mL. Following a 7  days 
oral mucosal administration of medium-dose EGCG (0.625  mg/mL), 
the abundance of periodontal microorganisms in PD mice significantly 
decreased. This intervention ameliorated alveolar bone loss, reducing the 
average cementoenamel junction to the alveolar bone crest (CEJ-ABC) 
distance from 0.306  mm  ±  0.050  mm to 0.161  mm  ±  0.026  mm. Additionally, 
EGCG (0.3125  mg/mL) markedly down-regulated the expression of 
inflammatory factor IL-6 in the serum of PD mice.

Conclusion: Our research demonstrates the significant antibacterial 
effects of EGCG against the prevalent bacterium P. gulae in canine PD. 
Moreover, EGCG exhibits anti-inflammatory properties and proves effective 
in addressing bone loss in a PD mouse model. These findings collectively 

OPEN ACCESS

EDITED BY

Lei Deng,  
Harvard Medical School, United States

REVIEWED BY

Ziyao Zhou,  
Sichuan Agricultural University, China
Silvia Di Lodovico,  
“G. d’Annunzio” University of Chieti, Italy

*CORRESPONDENCE

Yipeng Jin  
 yipengjin@cau.edu.cn  

Jiahao Lin  
 jiahao_lin@cau.edu.cn

RECEIVED 30 October 2023
ACCEPTED 07 December 2023
PUBLISHED 05 January 2024

CITATION

Song P, Hao Y, Lin D, Jin Y and Lin J (2024) 
Evaluation of the antibacterial effect of 
Epigallocatechin gallate on the major 
pathogens of canine periodontal disease and 
therapeutic effects on periodontal disease 
mice.
Front. Microbiol. 14:1329772.
doi: 10.3389/fmicb.2023.1329772

COPYRIGHT

© 2024 Song, Hao, Lin, Jin and Lin. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 05 January 2024
DOI 10.3389/fmicb.2023.1329772

209

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1329772&domain=pdf&date_stamp=2024-01-05
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1329772/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1329772/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1329772/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1329772/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1329772/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1329772/full
mailto:yipengjin@cau.edu.cn
mailto:jiahao_lin@cau.edu.cn
https://doi.org/10.3389/fmicb.2023.1329772
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1329772


Song et al. 10.3389/fmicb.2023.1329772

Frontiers in Microbiology 02 frontiersin.org

suggest the therapeutic potential of EGCG in the treatment of canine PD. 
The outcomes of this study contribute valuable data, laying the foundation 
for further exploration and screening of alternative antibiotic drugs to 
advance the management of canine PD.

KEYWORDS

canine PD, anaerobic bacteria, antibacterial treatment, EGCG, alveolar bone loss

1 Introduction

Periodontal disease (PD) is a prevalent, age-related oral disease in 
canines caused by infectious, inflammatory processes (Kortegaard 
et al., 2008). While gingivitis is a treatable condition marked by red 
and inflamed gums, PD involves inflammation of the tissues 
supporting the tooth, leading to attachment loss through the 
destruction of the periodontal ligament, cementum, and alveolar 
bone. In canines, a notable tendency to neglect daily oral hygiene 
practices contributes to a substantial incidence of PD, affecting 
approximately 80% of adult canines (Lobprise, 2018; Wallis et al., 
2021). This disease can persist, recur, cause discomfort, impede 
normal canine activities, and diminish overall well-being, with 
potential correlations to systemic health issues in canines, highlighting 
the need for effective management.

Comparing human PD with canine PD offers valuable insights 
due to similarities in clinical presentations. Canine PD, especially its 
natural-onset form, serves as a relevant animal model for studying 
human PD (Mangione et al., 2022; Choi et al., 2023). Despite these 
parallels, the pathogens differ, with Porphyromonas gingivalis being 

the primary pathogen in human PD and Porphyromonas gulae in 
canine PD. But there are similarities in the bacterial structure 
(Hamada et al., 2008). Because of the close relationship between dogs 
and humans, it has been demonstrated that canine P. gulae may 
be  transferred to the human oral cavity through close contact 
(Yamasaki et al., 2012; Bai et al., 2023) and may be hazardous (Inaba 
et al., 2019, 2020; Urmi et al., 2021; Shimizu et al., 2022). This proves 
that the prevention and control of periodontal disease and the 
suppression of the spread of the pathogen are of public health and 
safety significance. However, there are also differences in the oral 
microbiota of humans and dogs (Dewhirst et al., 2012; Cunha et al., 
2018), so we need to study the pathogenic microbiota of canine PD in 
more depth. Dental plaque microbes play a crucial role in PD 
development (Abdulkareem et  al., 2023). In the Chinese research 
landscape, dominant bacterial genera in canines with PD are not 
extensively documented, and geographical variations in bacterial 
microbiota associated with PD suggest the need for a deeper 
understanding within the Chinese context (Nath et al., 2022).

The potential risk of transferring antibiotic-resistant bacteria from 
dogs to humans underscores the need for careful consideration in 
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selecting therapeutic agents for canine PD (Šakarnytė et al., 2023). This 
aligns with the global issue of antibiotic resistance, emphasizing the 
importance of finding alternative treatment options. Epigallocatechin 
gallate (EGCG), a key component of green tea polyphenols’ catechins, 
exhibits antibacterial, antioxidant, anti-inflammatory, and anti-tumor 
effects (Asahi et al., 2014; Chakrawarti et al., 2016). Various catechin 
components of tea polyphenols have demonstrated efficacy in human 
PD treatment (Sitheeque et al., 2009; Cui et al., 2012). Given analogous 
clinical manifestations of PD in canines and humans, the hypothesis 
that EGCG could serve as a viable alternative to antibiotics is 
reasonable, addressing the potential risk of antibiotic resistance transfer 
and exploring a natural compound for managing PD in canines.

Building upon our laboratory’s established research foundation 
(Bai et al., 2023), our current study aims to collect canine gingival 
crevicular fluid (GCF) samples for comprehensive microbiota 
characterization in Beijing using high-throughput 16S rRNA gene 
sequencing. Subsequent steps involve isolating dominant bacteria 
from the oral cavities of canines affected by PD and exploring EGCG’s 
inhibitory potential on these bacteria through in vitro antimicrobial 
sensitivity tests. We plan to construct a PD mice model to evaluate the 
in vivo therapeutic effects of EGCG, assessing alveolar bone loss 
(ABL), alterations in inflammatory factor expression, and shifts in 
bacterial microbiota. Our study aimed to assess whether EGCG could 
serve as a preliminary treatment to potentially become an effective 
drug in treating canine PD, upon identification of the primary 
pathogens of canine PD in China.

2 Materials and methods

2.1 Sample collection

Gingival crevicular fluid (GCF) samples were procured using 
dental absorbent paper points (0.04 taper, GAPADENT, China) from 
a cohort of 96 canines, with or without PD, attending the China 
Agricultural University Veterinary Teaching Hospital from December 
2020 to February 2022. Among these, 24 samples (ranging from 
8 months to 15 years of age) were utilized for the acquisition of 
bacterial genera exhibiting high abundance in canine GCF through 
high-throughput 16S rRNA gene sequencing. The remaining 72 
samples were dedicated to bacterial culture. Importantly, none of the 
canines had undergone antibiotic treatment or exhibited systemic 
chronic diseases in the 3 months preceding the sampling period.

2.2 High-throughput sequencing

GCF samples were gathered, and DNA extraction was performed 
utilizing a nucleic acid extraction kit (Fast DNA Stool KitM, The 
Beijing Genomics Institute, China). The resulting DNA samples 
underwent a nucleic acid concentration assay using the Equalbit 
1 × dsDNA HS Assay Kit (Vazyme, Nanjing, China), and the nucleic 
acid concentration and quality were determined using a Qubit 
fluorometer (Thermo Fisher Scientific, United States) with the dsDNA 
high sensitivity assay program. Samples exhibiting superior DNA 
concentration and quality were prioritized for subsequent Illumina 
MiSeq sequencing. The ensuing data underwent both statistical and 
biological analyses using Quantitative Insights into Microbial Ecology 

(QIIME, V 1.9.1), yielding operational taxonomic unit (OTU) 
analysis results.

2.3 Strains and culture conditions

The collected GCF samples were vortex shaken and isolated using 
disposable loops (Biologix, Shandong, China) on 10% brain-heart 
infusion (BHI) sheep blood plates (Solarbio, Beijing, China) containing 
5 μg/mL hemoglobin chloride, 1 μg/mL vitamin K1 (VK1), 0.4 mg/
mL L-cysteine hydrochloride and 5 mg/mL yeast extract (Solarbio, 
Beijing, China). The incubation took place at 37°C with 80% humidity 
under anaerobic conditions (10% CO2, 10% H2, and 80% N2) within 
an anaerobic culture vessel (YY-s Plus, LongFuJia Biotechnology, 
Beijing, China) for a culture period of 7–15 days. Single colonies were 
meticulously chosen and subjected to purification once more. The 
resulting single colonies were inoculated with a 5% fetal bovine serum 
(FBS) BHI liquid medium containing hemoglobin chloride and VK1 
to be enriched and stored at −80°C. American Type Culture Collection 
(ATCC) 51700 P. gulae was purchased as a quality control bacterium.

2.4 16S rRNA sequencing

Polymerase chain reaction (PCR) was performed using KOD-one 
Mix (25 μL, TOYOBO, Japan) with bacterial universal primers 27F 
and 1492R. Following agarose gel electrophoresis, the band size and 
uniqueness of the PCR products were determined, and the PCR 
products were sent to GENEWIZ1 for sequencing based on the Sanger 
sequencing method. The obtained sequences were compared with 
those available from the GenBank database using the Ape program on 
The Basic Local Alignment Search Tool (BLAST).2 The results of the 
comparison with known sequences of strains with >99% similarity 
were considered as the same bacteria, and the results were accurate to 
the species level.

2.5 Antimicrobial susceptibility testing In 
vitro

Referring to the 9th edition of the standard Methods for 
Antimicrobial Susceptibility Test of Anaerobic Bacteria published by the 
Clinical & Laboratory Standards Institute (CLSI) in 2018, drug 
susceptibility tests were performed according to the procedures of the test 
for anaerobic bacteria, and the minimum inhibitory concentration (MIC) 
for EGCG was determined for the clinically dominant isolate and ATCC 
51700 standard bacteria in canine GCF samples. EGCG with purity 
(HPLC) ≥98% were purchased from Sigma (USA). A stock solution of 
12.5 mg/mL was prepared by adding 50 mg of EGCG powder to 4 mL of 
ultrapure water. The drug concentrations in the EGCG-containing 
drug-sensitive plates were 1.250 mg/mL, 0.625 mg/mL, 0.312 mg/mL, 
0.156 mg/mL, and 0.078 mg/mL from highest to lowest.

1 https://www.genewiz.com.cn

2 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.6 PD model construction

The research was conducted by internationally accepted principles 
for laboratory animal use and care. All animal studies were reviewed 
and approved by the China Agricultural University Laboratory 
Animal Welfare and Animal Experimental Ethical Committee 
(Approval ID: AW31103202-2-4). Thirty-three male C57BL/6 mice 
(Beijing Vital River Laboratory Animal Technology Co., Ltd.), 
7–8 weeks old were prepared. The mice were anesthetized by 
intraperitoneal injection of 10% chloral hydrate (Wabcan, Fujian, 
China), and the PD model was established by ligating the maxillary 
second molars using the silk ligature method (Rafael et  al., 2018; 
Chipashvili and Bor, 2022). Group A: saline negative control group, 
group B: chlorhexidine (Maidihai, Beijing, China) positive control 
group, group C: low-dose EGCG (0.312 mg/mL) dosing group, group 
D: medium-dose EGCG (0.625 mg/mL) dosing group, and group E: 
high-dose EGCG (1.250 mg/mL) dosing group. On the eighth day 
after modeling, sterile cotton swabs soaked with the drug were 
inserted into the mouths of the mice and held for 2 min for oral 
mucosal administration. After 7 days of continuous administration 
mice were sacrificed and whole blood and bilateral maxillae were 
collected for subsequent testing.

2.7 Evaluation of ABL

Unilateral mouse maxillary bone specimens were soaked and 
rinsed in hydrogen peroxide and saline (Solarbio, Beijing, China), and 
the soft tissues attached to the bone tissue were removed as much as 
possible under a dissecting microscope (Olympus GX71, Japan). The 
specimens were stained with 0.1% methylene blue (Solarbio, Beijing, 
China) for 45 s and dried. Unilaterally isolated mouse maxillary 
specimens were photographed under a dissecting microscope. The 
distance from the cementum-enamel junction to the alveolar bone 
crest (CEJ-ABC) was measured using ImageJ software (V 1.47), and 
measurements were repeated three times at each site.

2.8 Microbial evolution in the oral cavity of 
PD mice

Two filaments filled with GCF for modeling were carefully cut 
from both sides of the maxillary second molars of mice and placed in 
1 mL of BHI liquid medium and vortex shocked. The quantitative 
liquid was aspirated for anaerobic incubation and colony counting, 
and individual clones with similar colony morphology and staining 
characteristics were selected for strain identification.

2.9 Morphometric of micro-CT analysis 
and dental X-ray examination

X-ray micro-computed tomography (Skyscan 1,276, Bruker, 
Belgium) was used. The mouse maxilla was scanned at a voltage of 
60 kV and a current of 200 μA with a scan resolution of 6.5 μm. As the 
filament was placed on the second molar, the region of interest (ROI) 
for 3D reconstruction was defined as the area above the root tip below 
the crown of the second molar, with a volume of 

0.5 mm × 0.25 mm × 0.4 mm. Three-dimensional image reconstruction 
was performed using N-Recon software (V 1.7.4.6). Three-dimensional 
analysis was performed using CT-AN software (V 1.19.11.1+).

2.10 Enzyme-linked immunosorbent assay

Mouse whole blood samples were stored at 4°C overnight, 
centrifuged at 1000 x g for 20 min, and the supernatant removed to 
obtain serum samples. The supernatants were then collected and the 
concentrations of interleukin (IL)-6 and tumor necrosis factor 
(TNF)-α were determined using enzyme-linked immunosorbent 
assay (ELISA) kits (Mlbio, Shanghai, China) according to the 
manufacturer’s protocols. The 96-well plate was read at 450 nm on an 
enzyme marker for result interpretation (Thermo Scientific, Multiskan 
Go, United States). All assays were performed in triplicate.

2.11 Histological analysis for alveolar bone

The unilateral mouse maxilla was dissected free of soft tissues, 
immersed in 4% paraformaldehyde fixative (Solarbio, Beijing, China), 
and fixed at room temperature for 48 h. After decalcification with 10% 
ethylene diamine tetraacetic acid (EDTA) (Solarbio, Beijing, China) 
at pH 7.4 for 14 days, the tissues were dehydrated, transparentized, 
embedded, sectioned, dewaxed, stained with hematoxylin–eosin (HE) 
and sealed with neutral gum. The samples were ready for microscopic 
examination and photography.

2.12 Statistical analysis

Data were analyzed and measurements were expressed as 
mean ± standard deviation (SD). Significant differences were 
determined by T-test between two groups and one-way analysis of 
variance (ANOVA) for more than two groups in Prism (GraphPad 
Software, V 9.0, United States). p < 0.01 was considered significant 
for differences.

3 Results

3.1 The bacterial composition of GCF 
samples from canines based on 16S rRNA 
high-throughput sequencing

GCF samples were collected from 24 canines. A total of 24 samples 
of GCF were initially tested for this study and 19 samples were ultimately 
suitable for the machine based on quality control. It was found that among 
the 19 samples, operational taxonomic unit (OTU) 1 (Fusobacterium), 
OTU2 (Porphyromonas), and OTU15 (Treponema) exhibited higher 
abundances, with OTU2 (Porphyromonas) being the darkest in the plot 
and showing the highest relative abundance. The relative abundance of 
Moraxella spp., Clostridium phagocytophilum, Neisseria spp., and 
Pseudomonas spp. in the GCF of group A (healthy canines) was observed 
to be  higher and the relative abundance of Porphyromonas spp., 
Dictyostelium spp., Fretibacterium spp., Mycobacterium spp., and Archaea 
spp. in the GCF of group B (PD canines) was higher (Figure 1).
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3.2 Clinically isolated strains of PD canines

GCF samples from 72 canines with PD were collected for 
anaerobic culture between December 2020 and February 2022, and a 
total of 22 species and 92 strains of anaerobic bacteria were isolated 
and purified. Included P. gulae, Prevotella intermedia, Porphyromonas 
crevioricanis, Porphyromonas macacae, and other bacteria from the 
oral cavity of canines (Figures  2A,B). As the most academically 
suspected causative agent of canine PD, the detection rate of P. gulae 
was 31.52% (29/92) (Table 1). A total of 110 h of absorbance values 
were measured of ATCC 51700 P. gulae in modified BHI liquid 
medium, entering the logarithmic growth phase after 12 h, the 
stationary phase after 24 h, and the death phase after 72 h (Figure 2C). 
The bacterium entered the logarithmic phase (12 h) with an optical 

density (OD) of 0.41 and the end of the logarithmic phase (24 h) with 
an OD of 0.11.

3.3 Inhibitory effect of EGCG on the 
growth of clinical isolate strains

An inhibition test using the Wadsworth method in vitro on 
clinical anaerobic isolates from PD canines showed that EGCG was 
effective against the major human and canine periodontal pathogen, 
Porphyromonas gingivalis W83, and P. gulae ATCC 51700 with MICs 
of 0.078 mg/mL and 0.019 mg/mL (Figure 3). EGCG was also effective 
against other canine PD isolates. However, 0.05% chlorhexidine, 
commonly used in veterinary clinical scaling and extraction 
procedures, showed poor inhibition against some clinical isolates 

FIGURE 1

(A) Operational taxonomic units (OTU) enrichment clustering heat map. The 30 OTUs with the highest abundance in the sample sequencing results 
were plotted in R. The corresponding OTU abundance of the 19 samples of gingival crevicular fluid (GCF) were collected. (B) Species relative 
abundance graphs. The samples were grouped accordingly, and the abundance of genera was compared between the two groups. (C) Analysis of 
similarities (Anosim). The size of the between-group and within-group differences were compared between the two sample groups by Anosim 
analysis. (D) Metastatic difference analysis. A comparison of the abundance of the five genera between the two groups of samples has been shown.
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(SY10B Porphyromonas crevioricanis, 6 L32 uncultured bacterial clone) 
(Table 2).

3.4 Inhibitory effects of EGCG on the 
alveolar bone resorption and destruction in 
vivo

The animal protocol to assess the therapeutic effect of EGCG on 
PD in vivo involved model establishment on the first day, body weight 
testing from the second to sixth days, administration initiation on the 
seventh day, and mouse euthanasia on the fourteenth day. Took GCF 
samples and maxillary alveolar bone samples from the mice for 
subsequent tests (Figure 4A). There was no significant change in the 
body weight of mice before and after administration (Figure 4B). The 
procedure in the PD mouse model included exposure to the surgical 

field, expansion of the periodontal space, wire ligation around the 
maxillary second molar, and repetition of the procedure on the 
opposite side (Figure 4C). The first row was the isolated tissue of 
normal mouse maxillary molars, and the second row was the three-
dimensional tissue of mouse maxillary molars used to construct a 
PD model.

The bone volume (BV) in the selected area of the control mice was 
0.03333 mm3 and the bone mineral density (BMD) was 0.58952 g/cm3. 
The bone volume (BV) in the selected area of the PD mice was 
0.00961 mm3 and the BMD was 0.18359 g/cm3 (Figures 4D,E).

The mean CEJ-ABC of three molars in the chlorhexidine group 
was 0.372 mm ± 0.033 mm, the mean CEJ-ABC of three molars in the 
EGCG group for three concentrations were 0.317 mm ± 0.044 mm, 
0.161 mm ± 0.026 mm, and 0. 238 mm ± 0.035 mm in order. The mean 
CEJ-ABC of the three molars in the saline group was 
0.306 mm ± 0.050 mm. There was no significant difference in the 
CEJ-ABC distance between the saline and chlorhexidine groups (p-
value = 0.68), and there was also a significant difference in the 
CEJ-ABC distance between the EGCG and chlorhexidine groups in 
the mid-dose group (p-value = 0.0001). The mid-dose EGCG group 
was the most effective in improving bone loss and was superior to the 
chlorhexidine group, an antibacterial rinse commonly used in clinical 
dentistry (Figure 5A).

The maxillary alveolar bone of the mice was sectioned, cleaned of 
periodontal soft tissue, and then stained with 0.1% methylene blue to 
visualize the ABL. Following the treatment of mice with different 
periodontal drugs, the effect of the drugs on the ABL was observed 
using a stereomicroscope. As shown in Figure 6, the morphology of 
the alveolar bone was found to be intact in the control group, whereas 
the saline group showed the exposure of the buccal root bifurcation of 
the second molar and a cup-shaped depression of the resorption 

FIGURE 2

(A) Isolated and purified melanin-producing bacteria from the oral cavity of canines with periodontal disease (PD). The modified brain-heart infusion 
(BHI) plates were incubated anaerobically, then cells were Gram-stained and examined by microscopy (100 X magnification). (B) Abundance of various 
bacteria detected in clinical isolates from the GCF of canines with PD. (C) The growth curve of Porphyromonas gulae (P. gulae) standard bacteria ATCC 
51700.

TABLE 1 Isolation and purification of melanin-producing bacteria from 
the oral cavity of canines with PD.

Species Number 
(N =  92)

Detection 
rates (%)

Porphyromonas gulae 29 31.52

Prevotella intermedia 16 17.39

Porphyromonas macacae 7 0.07

Peptostreptococcus spp. Caine oral 4 0.04

Fusobacterium spp. Caine oral 3 0.03

Porphyromonas crevioricanis 2 0.02

Actinomycetes spp. Caine oral 2 0.02
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surface of the bone centered on the second molar. In the chlorhexidine 
group, there was severe horizontal ABL in the maxillary molars, with 
root resorption in the third molar reaching the apical 1/2 area. The 
effect on ABL varied less between samples for the low, medium, and 
high EGCG dose groups in the second row (Figure 5B).

3.5 Inhibitory effects of EGCG on 
periodontal inflammatory cytokines and 
changes in bacterial microbiota in vivo

The average number of microorganisms detected in the oral cavity of 
the mice was 2.6 × 105 CFU/mL, predominantly comprising Streptococcus 
dani, a gram-positive coccus (Figure 6A). In contrast, the average number 
of microorganisms detected in the oral cavity of the mice without 
treatment was 3.64 × 106  CFU/mL, mainly Escherichia coli and 
Enterococcus faecalis, with a higher proportion of Gram-negative bacteria. 
After EGCG treatment, the average number of microorganisms detected 

was 3.61 × 106 CFU/mL, mainly E. coli, Staphylococcus aureus, Enterococcus 
faecalis, and Streptococcus aureus, mainly gram-positive coccus. In the 
high-dose EGCG group, the average number of microorganisms detected 
was 3.93 × 106 CFU/mL, mainly E. coli, E. faecalis, and Staphylococcus 
aureus, mainly gram-positive cocci. These findings indicate that the 
medium dose of EGCG has a substantial inhibitory effect on oral bacteria 
in PD mice. Additionally, the microbial community in the oral cavity of 
mice gradually shifted towards that of healthy mice after EGCG 
administration (Figure 6A).

Seven days after modeling, mice were grouped for drug treatment. 
Figure 6B illustrates that both 0.05% chlorhexidine (50 mg/mL) and 
three different concentrations of EGCG led to a down-regulation of 
the expression of the inflammatory factors IL-6 and TNF-α in the 
serum of periodontopathic mice compared to the saline control group. 
However, only the low-dose EGCG group (0.3125 mg/mL) exhibited 
a significant difference in the expression of IL-6 compared to the 
control group (p-value < 0.05), with no significant differences observed 
between the other groups.

FIGURE 3

(A) Drug sensitivity test used agar dilution method (Wadsworth method) in vitro. The drug-containing agar plates were prepared after anaerobic 
pretreatment. (B) For the drug-free control plates, both clinical isolates and standard strains were able to grow well on the enriched Brucella medium. 
(C) Results of the in vitro inhibition test for anaerobic bacteria used the Wadsworth method. The lowest drug concentration at which the bacterium 
was strongly reduced was the minimum inhibitory concentration (MIC) for the bacterium. The graph showed the in vitro drug susceptibility results of 11 
canine PD-associated strains to EGCG. A: BX6 Propionibacterium acnes, B: 6R82 Actinomyces bowdenii, C: 6  L31 Peptostreptococcus micros, D: 6R81 
Actinomyces weissii, E: W83 Porphyromonas gingivalis, F: BX5 Prevotella intermedia, G: SY10B Porphyromonas crevioricanis, H: Y1 Uncultured 
bacterium clone, I: ATCC 51700 Porphyromonas gulae, J: SB41 Prevotella intermedia, K: SB40 Porphyromonas gulae.
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3.6 Histological analysis for periodontal 
tissues

The histological analysis of periodontal tissues in healthy mice 
(Figures  7A,B) revealed intact gingival structures with a slight 
infiltration of inflammatory cells under the junctional epithelium (JE). 
This phenomenon is commonly observed clinically around perfectly 
healthy teeth, representing the body’s defense against the invasion of 
pathogenic bacteria into the GCF. The gingiva was composed of 
epithelium and connective tissue, and in the figure, the circumferential 
fibers (CF) and gingival fibers were both composed of collagen type 1. 
CF was present in the connective tissue of the free gingiva and gingival 
papillae, forming a ring around the cervical part of the tooth. In 
contrast, PD mice (Figures  7C,D) exhibited osteoblasts and 
multinucleated giant cells differentiated within the marrow cavity. 
These cellular components led to a progressive thinning of the bone 
trabeculae that composed the alveolar bone, accompanied by an 
increase in the size of the marrow cavity, ultimately resulting in bone 
loss. The presence of multinucleated giant cells indicated the 
occurrence of chronic inflammation.

4 Discussion

EGCG has been reported to exert anti-inflammatory and 
antibacterial effects in periodontitis. However, its exact mechanism of 
action has yet to be determined. Some evidence suggests that EGCG 
in hPDLFs and hPDLSCs may exert anti-inflammatory effects against 

P. gingivalis lipopolysaccharide, a major pathogen of human 
periodontitis (Jung et al., 2012). Several studies have demonstrated 
that EGCG inhibits bone resorption induced by lipopolysaccharides 
(LPS) by either inhibiting the production of IL-1β or directly impeding 
osteoclastogenesis (Yun et al., 2004, 2007). Additionally, it has been 
discovered that EGCG can reduce periapical lesions by inhibiting the 
expression of cysteine-rich 61 in osteoblasts (Lee et al., 2009). In the 
field of human dentistry, EGCG has been shown to enhance host 
conditions in periodontitis and periapical lesions. Such effects stem 
from EGCG’s bactericidal impact on periodontal pathogens, as well as 
its inhibitory effect on the cytokine production and inflammatory 
pathways of gingival fibroblasts or osteoblasts (Okagu et al., 2022; 
Kováč et al., 2023).

On the suitability of the drug EGCG, it exhibits antioxidant 
properties by minimizing oxygen radicals and stabilizing compounds 
(Minnelli et al., 2020). Furthermore, its antitumor effects have been 
highlighted, elucidating how EGCG inhibits tumor cell growth and 
induces apoptosis through various cellular pathways, such as regulating 
the cell cycle, gene expression, signal transduction, and transcription 
factors (Chen et al., 2019). The role of Nrf2 in regulating detoxifying 
and antioxidant enzymes, and EGCG’s impact on the Nrf2-ARE signal 
for inducing antioxidant enzyme expression, leading to an anti-toxic 
effect, has been emphasized (Na and Surh, 2008). Additionally, EGCG’s 
antiviral activity, particularly its ability to inhibit the proliferation of 
the influenza virus in Madin-Darby canine kidney (MDCK) cells, has 
been underscored (Zhang et  al., 2020). However, its relatively 
underexplored potential in the treatment of canine periodontal disease 
(PD). Since EGCG has been less studied in this aspect of canine PD, in 

TABLE 2 Inhibition of 17 clinical isolates of canine periodontal disease and 2 standard strains of bacteria by 6 drugs in vitro.

Clinical strains of PD 
canines

EGCG (mg/mL) CD (mg/mL) MDZ (μg/mL) CC (μg/mL) MER (μg/mL) AC (μg/mL)

BX6 Propionibacterium acnes 1.25 12.5 R R 0.8 1.28

6 L33 Macrococcus spp. 1.25 6.25 R 12.8 0.8 0.64

6R82 Actinomyces bowdenii 0.5 3.125 R 3.2 0.8 0.16

6 L31 Peptostreptococcus micros 1.25 6.25 R 3.2 0.8 0.16

6R81 Actinomyces weissii 1.25 50 R 3.2 0.8 R

BX5 Prevotella intermedia 1 12.5 1.6 3.2 0.8 2.56

SY10B Porphyromonas crevioricanis 1.25 R R 3.2 0.8 R

6 L32 Uncultured bacterium clone 1.25 R R R 0.8 0.16

W83 Porphyromonas gingivalis 0.078 1.56 1.6 6.4 0.8 0.16

Y1 Fusobacterium spp. canine oral 

taxon

1.25 1.56 R 25.6 1.6 R

SY10B Porphyromonas crevioricanis 1.25 1.56 1.6 R 0.8 R

6MN Propionibacterium acnes 1.25 12.5 1.6 R 6.4 R

SB45 Prevotella intermedia 1.25 3.125 R 25.6 1.6 0.16

SB46 Prevotella intermedia 1.25 3.125 R 1.6 0.8 0.64

ATCC 51700 Porphyromona gulae 0.019 1.56 1.6 1.6 0.8 0.16

SB40 Porphyromonas gulae 0.625 6.25 1.6 1.6 0.8 0.16

SB41 Prevotella intermedia 0.0625 12.5 1.6 1.6 0.8 0.16

SB42 Porphyromonas gulae 0.019 3.125 1.6 1.6 0.8 0.16

SB43 Prevotella intermedia 1.25 12.5 1.6 1.6 0.8 0.16

Chlorhexidine, CD; Metronidazole, MDZ; Clindamycin, CC; Meropenem, MER; Amoxicillin and Clavulanate Potassium, AC.
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FIGURE 4

(A) Procedure for constructing a PD model in C57BL/6 mice. (B) The curve of body weight change curve of the mice after modeling and drug 
administration. (C) Steps of PD modeling by wire ligation. (D) Observation of isolated alveolar bone specimens (20X) before and after modeling using a 
stereomicroscope. (E) Observation of alveolar bone loss (ABL) and measurement of bone density using micro-CT.

FIGURE 5

(A) Comparison of bone loss distances in PD mice after administration. (B) Observation of isolated alveolar bone samples by X-ray versus stereomicroscope.
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FIGURE 6

(A) Changes in the abundance and species of bacteria in the GCF in the oral cavity of mice before and after modeling. (B) Changes in the number of 
bacteria in the oral cavity of mice after administration. (C) Expression levels of the cytokines IL-6, and TNF-α in the serum of mice after administration.

FIGURE 7

(A,B) were normal periodontal sections of mice at a scale of 100  μm and 20  μm. AB, alveolar bone; R, root; CEJ, cementoenamel junction enamel tooth 
bone boundary; PL, periodontal ligament; E, enamel tooth enamel; JE, junctional epithelium binding epithelium; CF, circular fibers; DGF, 
dentoperiosteal gingival fibers. (C,D) were pathological sections of the constructed PD mouse at a scale of 100  μm and 20  μm, alveolar bone, medullary 
space bone marrow cavity.
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this study we chose to test EGCG, a natural compound that has not yet 
been used to treat canine PD, with positive results.

The identified genera that exhibited variations between PD and 
healthy canines in China include Porphyromonas, Fusobacterium, 
Treponema, Moraxella, and Capnocytophaga. A comparative analysis 
with previous studies underscores noteworthy differences. Notably, at 
the phylum level, the oral microbiota of healthy canines predominantly 
comprised Thickworm (45.9%), Anaplasma (14.7%), Methanobacterium 
(12.2%), Helicobacter (10.5%), Coelenterata (3.7%), Actinobacteria 
(3.4%), and Clostridium (2.8%) (Riggio et al., 2011). Examining the 
genus level, Pasteurella, Bergeyella, Porphyromonas, and Actinobacter. 
exhibited the highest detection rates in healthy canines (Davis et al., 
2013). Further, at the species level, dominant species in healthy canines, 
canines with gingivitis, and those with periodontitis included specific 
species of Pseudomonas (30.9%), Porphyromonas cangingivalis (16.1%), 
and oral desulfurization bacteria (12.0%), respectively (Riggio et al., 
2011). Noteworthy species associated with PD encompassed Moraxella 
spp. COT-396, Bergeyella zoohelcum, Neisseria shayeganii, 
Pasteurellaceae spp. COT-080, Capnocytophaga spp. COT-339, and 
Stenotrophomonas spp. COT-224 (Lenzo et al., 2016).

Comparing these findings with past research and incorporating 
the outcomes of the current high-throughput sequencing study, it is 
evident that the canine oral cavity harbors a diverse array of 
microorganisms. Some of these microorganisms remain unexplored 
and unidentified, underscoring the importance of microbial culture 
techniques in understanding the etiology of PD in canines, particularly 
given the historical limitations associated with anaerobic culture 
methods. This insight further emphasizes the necessity of ongoing 
studies to elucidate and characterize the oral microbiota in 
canines comprehensively.

In the subsequent phase of our study, we successfully isolated the 
clinical strain of Porphyromonas gulae. Additionally, the standard 
bacterium ATCC 51700 P. gulae thrived under the established test 
conditions, affirming the feasibility of its culture. Extensive research 
findings consistently underscore Porphyromonas gulae as the primary 
causative agent of PD in dogs. Recent studies, including those 
referenced (Dewhirst et al., 2012), substantiate the pivotal role and 
pathogenicity of P. gulae in canine PD.

The intricate interplay of various bacteria, exemplified by 
Porphyromonas spp., and their byproducts, contributes to the detrimental 
impact on periodontal tissues. This microbial colonization initiates on the 
tooth surface and within periodontal pockets, proliferating before 
progressing to invade the periodontal tissues and potentially entering the 
bloodstream (Özavci et al., 2019; Urmi et al., 2021; Shimizu et al., 2022). 
Porphyromonas spp. were detected in substantial quantities in the plaque 
of both healthy and periodontally affected dogs, emphasizing their 
ubiquitous presence. Notably, the abundance of Porphyromonas spp. in 
the oral cavity of dogs with periodontal issues significantly exceeded that 
in their healthy counterparts. This aligns seamlessly with the heightened 
prevalence of Porphyromonas spp. observed in both anaerobic culture 
results and the outcomes of high-throughput sequencing conducted in 
our study. This consistent correlation reinforces the association between 
Porphyromonas spp., particularly P. gulae, and the manifestation of PD 
in canines.

Furthermore, our investigation demonstrated the inhibitory 
potential of EGCG against a diverse array of principal pathogens 
associated with canine PD, notably Porphyromonas gulae. EGCG, as a 
natural active ingredient, boasts a multitude of applications. The 

discerned antimicrobial and therapeutic efficacy of EGCG surpassed 
that of the conventional 0.05% chlorhexidine acetate rinse commonly 
employed in small animal dentistry. This revelation suggests the 
promising utility of EGCG as a superior alternative for combatting 
canine PD, offering a potential avenue for enhanced treatment 
modalities in veterinary oral health.

Moreover, the application of EGCG exhibited significant 
efficacy within the in vivo milieu of our constructed PD mouse 
model, manifesting notable antibacterial, anti-inflammatory, and 
bone loss mitigation effects. However, it is imperative to 
acknowledge two challenges associated with utilizing mice as a 
method for constructing PD models. Firstly, operational challenges 
within a confined space posed difficulties, and secondly, the initial 
high mortality rate of molded mice. Addressing these concerns, 
strategic modifications such as the reduction of the operation 
duration, timely rewarming post-operation, and vigilant daily 
monitoring of body weight contributed to an improved survival rate 
among the mice. Despite these challenges, the observed therapeutic 
effects of EGCG, encompassing anti-inflammatory properties, 
antibacterial activity, and mitigation of bone loss in PD mice, are 
highly encouraging. These findings provide a foundation for 
considering the potential therapeutic applications of EGCG in 
managing PD in canines, extrapolating from the positive outcomes 
observed in the murine model.

Although there are important discoveries revealed by these studies, 
there are also limitations. While our study has made noteworthy 
contributions, we acknowledge certain limitations. The sample size 
remains constrained, necessitating expansion in subsequent studies for 
more robust conclusions. Furthermore, our investigation employed a 
singular mode of drug administration and a specific drug dosage form. 
To enhance clinical relevance, future studies should explore diverse 
drug carriers and dosage forms, conducting direct tests on the target 
animal, the canine. Ongoing modifications, such as nanoparticle 
preparation and temperature-sensitive hydrogel formulations, are in 
the pipeline to extend drug retention in the oral cavity of mice, thus 
improving bioavailability and therapeutic efficacy.

Despite the limitations, we achieved the successful isolation and 
cultivation of P. gulae, the primary causative agent of canine PD. Our 
laboratory’s accomplishment in isolating a clinical strain of P. gulae, a 
significant breakthrough under strict anaerobic conditions, provides 
crucial technical support and invaluable strain material for subsequent 
experiments. Additionally, our study fills a critical gap by elucidating 
the microbiota differences between PD and healthy canines in China, 
serving as a foundational resource for future research on the 
pathogenesis of canine PD and drug screening.

5 Conclusion

Our research demonstrates the significant antibacterial effects of 
Epigallocatechin-3-gallate (EGCG) against the prevalent bacterium 
P. gulae in canine periodontal disease (PD). Moreover, EGCG exhibits 
anti-inflammatory properties and proves effective in addressing bone 
loss in a PD mouse model. These findings collectively suggest the 
therapeutic potential of EGCG in the treatment of canine PD. The 
outcomes of this study contribute valuable data, laying the foundation 
for further exploration and screening of alternative antibiotic drugs to 
advance the management of canine PD.
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Introduction: Klebsiella pneumoniae (K. pneumoniae) is an important 
opportunistic and zoonotic pathogen which is associated with many diseases 
in humans and animals. However, the pathogenicity of K. pneumoniae has 
been neglected and the prevalence of K. pneumoniae is poorly studied due to 
the lack of rapid and sensitive diagnosis techniques.

Methods: In this study, we infected mice and pigs with K. pneumoniae strain 
from a human patient. An indirect ELISA was established using the KHE 
protein as the coating protein for the detection of K. pneumoniae specific 
antibody in clinical samples. A nested PCR method to detect nuclei acids of 
K. pneumoniae was also developed.

Results: We showed that infection with K. pneumoniae strain from a human 
patient led to mild lung injury of pigs. For the ELISA, the optimal coating 
concentration of KHE protein was 10 µg/mL. The optimal dilutions of serum 
samples and secondary antibody were 1:100 and 1:2500, respectively. The 
analytical sensitivity was 1:800, with no cross-reaction between the coated 
antigen and porcine serum positive for antibodies against other bacteria. 
The intra-assay and inter-assay reproducibility coefficients of variation are 
less than 10%. Detection of 920 clinical porcine serum samples revealed a 
high K. pneumoniae infection rate by established indirect ELISA (27.28%) and 
nested PCR (19.13%). Moreover, correlation analysis demonstrated infection 
rate is positively correlated with gross population, Gross Domestic Product 
(GDP), and domestic tourists.

Discussion: In conclusion, K. pneumoniae is highly prevalent among pigs in 
China. Our study highlights the role of K. pneumoniae in pig health, which 
provides a reference for the prevention and control of diseases associated with 
K. pneumoniae.
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1 Introduction

Klebsiella pneumoniae (K. pneumoniae) is a rod-shaped gram-
negative and opportunistic bacterium belongs to the Enterobacteriaceae 
family. This organism inhabits diverse environments including soil, 
water, plants, animals and humans (Yang Y. et al., 2019; Ribeiro et al., 
2022). As an important opportunistic pathogen, it resides in the 
respiratory tract and intestinal tract of humans and animals and 
causes serious infections including pneumonia, septicemia, urinary 
tract infection, and traumatic infection (Paczosa and Mecsas, 2016).

In recent years, hypervirulent K. pneumoniae (hvKP) and multi-
drug resistant K. pneumoniae, such as carbapenem-resistant 
K. pneumoniae (CRKP), have emerged and led to serious life-
threatening community-and hospital-acquired infections worldwide, 
which makes it a global public health threat (Wang et al., 2020; Jin 
et al., 2022). In veterinary medicine, there are only a few reports on 
infections caused by K. pneumoniae. For example, K. pneumoniae 
causes respiratory distress in minks (Jian-Li et al., 2017), pneumonia 
in sheep and goats (Mahrous et al., 2023), clinical mastitis in cow 
(Yang Y. et al., 2019), and septicemia in pigs (Bowring et al., 2017; 
Bidewell et  al., 2018). However, the virulence and prevalence of 
K. pneumoniae infection in pigs are rarely reported. With the isolation 
of hvKP and CRKP from pig farms in many countries recently 
(Lalruatdiki et  al., 2018; Liu et  al., 2019; Mobasseri et  al., 2019; 
Leangapichart et  al., 2021; Zhao et  al., 2021), whether there is a 
K. pneumoniae epidemic circulation between human beings and pigs 
has attracted people’s attention. And because the infections with 
K. pneumoniae are usually not fatal and sporadically in most cases 
(Bowring et al., 2017), pigs may tolerate or only a few are severely 
infected, the pathogenicity and prevalence of K. pneumoniae in pigs 
have been neglected in veterinary medicine. Considering that 
K. pneumoniae may transmit between humans and animals, the 
domestic animals may represent a source of the pathogenic and 
multidrug-resistant K. pneumoniae to humans (Yang F. et al., 2019; 
Leangapichart et al., 2021). Thus, clarifying the pathogenicity and 
prevalence of K. pneumoniae in pig herds has significant public 
health importance.

Many methods for the detection of K. pneumoniae have been 
reported. Conventional phenotype-based methods including 
microscopic examination, biochemical identification, and automatic 
bacterial identification apparatus such as the VITEK 2 system, are 
time-consuming and have low sensitivity (Dong et al., 2015; Ko et al., 
2017). On the other hand, genotype-based techniques including 
conventional PCR (Liu et al., 2008; Turton et al., 2010), triplex PCR 
(Jeong et al., 2013), real-time PCR (Barbier et al., 2020; Lim et al., 
2021), as well as other novel methods including matrix-assisted laser 
desorption/ionization time of flight mass spectrometry (MALDI-TOF 
MS) (Huang et  al., 2022) and the loop mediated isothermal 
amplification (LAMP) (Dong et al., 2015; Poirier et al., 2021) have also 
been developed for the detection of K. pneumoniae in hospitals and 
laboratories with high sensitivity and specificity. However, some of 
these techniques have their own drawbacks, such as the requirement 
of expensive instruments, trained personnel, could not be conducted 
on-site, or not ideally suitable for detection of K. pneumoniae from 
serum samples (Kim et al., 2022).

Enzyme-linked immunosorbent assay (ELISA) is one of the 
commonly utilized serological detection methods in veterinary 
medicine. Although this method also has certain disadvantages listed 

above, it is an efficient, sensitive, specific, and convenient tool for 
detection of antigen or antibody levels in serum samples. However, 
establishment of ELISA and its application to detect K. pneumoniae in 
pigs has not been reported. A gene designated khe, which encodes a 
hemolysin of K. pneumoniae, has been proposed as a potential species-
specific gene probe (Yin-Ching et al., 2002) and was utilized to detect 
the signature for clinical K. pneumoniae isolates from hospitals 
(Escobar Pérez et al., 2013; Chen et al., 2014; He et al., 2016). Li et al. 
(2020) designed a multiplex PCR method to detect K. pneumoniae in 
minks with the khe gene. These studies suggested that khe is a specific 
gene of K. pneumoniae.

Since there are few severely clinical symptoms, infections with 
K. pneumoniae in pigs are rarely reported and the potential 
harmfulness to pig health are neglected. Thus, K. pneumoniae may 
be overlooked by conventional methods for pathogen isolation and 
identification. Moreover, there are no vaccines against K. pneumoniae 
in pigs in China. To clarify the virulence and prevalence of 
K. pneumoniae in pigs in China, infection model by a human origin 
K. pneumoniae was constructed both in mice and pigs and an indirect 
ELISA was successfully established using recombinant KHE protein 
as the primary coating antigen. We demonstrated that K. pneumoniae 
infection led to mild lung injury in mice and pigs. In combination 
with a nested PCR targeting khe, the established methods 
demonstrated a high infection of K. pneumoniae in pigs, which is 
positively correlated with gross population, Gross Domestic Product 
(GDP), and domestic tourists, indicating a potential transmission of 
K. pneumoniae from humans to pigs.

2 Materials and methods

2.1 Bacterial strains and growth conditions

Supplementary Table S1 contains a list of every strain utilized in 
this investigation. Mass spectrometry and PCR were used to identify 
the K. pneumoniae strains KP-Q1 (Strain number: CCTCC PB 
2023065, ampicillin resistant) and K36 (Strain number: CCTCC PB 
2023066) (Cai et al., 2018), which were isolated from First Hospital of 
Jilin University. K. pneumoniae KP-Q1 was cloned by cultivating it 
overnight at 37°C in Luria-Bertani (LB) liquid medium supplemented 
with antibiotics (ampicillin, 100 μg/mL). K. pneumoniae K36 was 
cultivated in LB without antibiotics.

2.2 Animal experiment

Six 4-week-old female KM mice (weighing 18–20 g, free from 
K. pneumoniae, purchased from Changsheng Biotechnology) were 
objectively randomized into two groups (n = 3): a healthy control 
group and a K. pneumoniae K36 infection group. In healthy control 
group, mice received 40 μL PBS via intranasal injection, while mice of 
K36 infection group received 40 μL PBS with 8 × 104 CFU K. pneumoniae 
K36. Clinical symptoms including weight, appetite and mental status 
were observed for 72 h post infection. A portion of the lung tissue was 
taken for hematoxylin–eosin staining.

Eight 45-day-old healthy Rongchang pigs (12 ~ 14 kg, free from 
K. pneumoniae, purchased from Harbin Veterinary Research 
Institute) were randomly assigned to two groups (n = 4): a healthy 
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control group and a K. pneumoniae K36 infection group. In healthy 
control group, pigs received 1 mL PBS, while K36 infection group 
pigs received 1 mL PBS with 2 × 107 CFU K. pneumoniae K36, both 
via intranasal injection. Clinical symptoms including appetite, mental 
status and body weight were continuously monitored for 96 h post 
infection. A portion of the lung tissue was taken for hematoxylin–
eosin staining.

All mice and pigs were housed in the laboratory animal room and 
maintained on a 14/10-h light–dark cycle with food and water ad 
libitum. All animal experiments were approved by the Institutional 
Animal Care and Use Committee of Jilin University and conducted in 
accordance with the Chinese Laboratory Animal Administration 
Act 1988.

2.3 Serum samples collection

A total of 920 serum samples, including 434 samples from 10 pig 
farms located in Jinan, Shandong, China, and 486 samples from 6 
cities in Inner Mongolia, China, were collected. The K. pneumoniae 
antibody-positive and-negative clinical samples for the determination 
of cut-off value, sensitivity, and reproducibility analysis, and the 
positive serums of Actinobacillus pleuropneumoniae (APP), 
Strptococcus suis (S. suis), Staphylococcus aureus (S. aureus), and 
Escherichia coli (E. coli) for specificity analysis of the established 
ELISA were collected and confirmed using PCR and sequencing and 
were stored at −80°C in our laboratory.

2.4 Purification of recombinant KHE 
protein

For plasmid construction, khe gene was amplified by PCR from 
the K. pneumoniae KP-Q1 chromosome using the primer pair KHE-F 
and KHE-R, which were designed by SnapGene software.1 
Subsequently, the PCR products were digested with HindIII/XhoI 
restriction enzymes (Takara, Beijing, China) and ligated into the 
pET28a expression vector using T4 DNA Ligase (Takara, Beijing, 
China) and transformed into E. coli BL21 (DE3) cells (Sangon Biotech, 
Shanghai, China). Inserted DNA sequences were confirmed by DNA 
sequencing. Primers and plasmids used in this study are listed in 
Supplementary Table S1.

For protein purification, cells were cultured in LB medium at 
37°C to an optical density at 600 nm (OD600) of 0.6 ~ 0.8, treated 
with 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 
further incubated at 16°C for 24 h. The cells were lysed in lysis 
buffer (50 mM Na2HPO4 pH 7.5, 300 mM NaCl, 1 mM 
phenylmethylsulfonyl fluoride) by sonication. After centrifugation, 
the supernatant was passed through a nickel-nitrilotriacetic acid 
(Ni-NTA) column (GeneScript, Nanjing, China). Subsequently, the 
resin was washed with a 5-bed volume of washing buffer (50 mM 
imidazole, 50 mM Na2HPO4 pH 7.5, 300 mM NaCl) and the bound 
proteins were eluted with elution buffer (500 mM imidazole, 
50 mM Na2HPO4 pH 7.5, 300 mM NaCl). The eluted protein was 

1 www.snapgene.com

dialyzed against washing buffer using Amicon Ultra-15 filter units 
(Merck, New Jersey, USA) (10 kDa cut-off) and then stored in 
aliquots at −80°C. The entire purification process was performed 
on ice. The concentration of target protein was determined by a 
BCA protein quantification kit (Thermo Fisher Scientific, Waltham, 
USA). The purified proteins were analyzed using Coomassie Blue 
stained SDS-PAGE. Purified recombinant His-tagged KHE (rKHE) 
protein was further identified using anti-His antibody and 
K. pneumoniae antibody-positive serum as the primary antibody 
by Western blot.

2.5 Western blot analysis

Western blot was used to identify the purified rKHE. Firstly, 
purified rKHE was resuspended in SDS sample buffer and heated to 
95°C for 10 min before being fractionated by SDS-PAGE 
electrophoresis (5% stacking gel and 12% resolving gel). Then, the 
proteins in the resolving gel were transferred onto a polyvinylidene 
fluoride (PVDF) membrane (Millipore, Massachusetts, USA). The 
membrane was blocked with 5% skim milk (Becton, New Jersey, USA) 
overnight. After that, it was incubated with mouse anti-His 
monoclonal antibody (1:2000; Proteintech, Chicago, USA) followed 
by incubation with horseradish peroxidase (HRP)-conjugated goat 
anti-mouse IgG (1:5000; Abconal, Wuhan, China) secondary 
antibody; or K. pneumoniae antibody positive serum (1:200) followed 
by incubation with goat anti-pig IgG/HRP (1:5000; Solarbio, Beijing, 
China) secondary antibody. Finally, the targeted proteins were 
visualized using the ECL reagent (Millipore, Massachusetts, USA) and 
a Chemiluminescent Imaging System (Tanon 5,200 multi, 
Shanghai, China).

2.6 Establishment and optimization of 
Klebsiella pneumoniae serum IgG-ELISA

The K. pneumoniae serum IgG-ELISA was optimized. To 
begin with, 100 μL of rKHE protein (1.25 μg/mL ~ 20 μg/mL) 
diluted with coating buffer (0.05 M carbonate buffer, pH 9.6) was 
coated on microtiter plates (Nest, Wuxi, China) at 4°C overnight. 
The unbounded protein was discarded and the wells were washed 
five times with phosphate buffered saline (PBS) containing 0.05% 
Tween-20 (PBST). The plates were blocked with 200 μL of 5% 
bovine serum albumin (BSA) in PBST and incubated at 37°C for 
2 h. Then 100 μL of serum (diluted from 1:100 to 1:800) was 
added into the wells and incubated at 37°C for 0.5 h or 1 h after 
washing 5 times with PBST. Similarly, 100 μL of goat anti-pig 
IgG/HRP secondary antibody (Solarbio, Beijing, China) (diluted 
from 1:2500 to 1:10000 in PBS) was added and incubated at 37°C 
for 0.5 h or 1 h after the same washing procedure. Subsequently, 
the plates were washed for 5 times and 100 μL of 
3,3′,5,5′-tetramethylbenzidine (TMB) (TIANGEN BIOTECH, 
Beijing, China) was added and incubated at room temperature 
for 10 min. Lastly, the reaction was terminated by addition of 
50 μL of 2 M H2SO4. An ELISA plate reader (BioTek ELx800, 
Vermont, USA) was used to measure the optical density at 
450 nm (OD450). Each experiment was performed at least twice, 
and all samples were assayed in triplicate.
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2.7 Determination of cut-off value, 
sensitivity, repeatability, and specificity of 
the established ELISA

Twenty standard K. pneumoniae antibody-negative samples were 
selected for ELISA detection based on the optimized coating and 
reaction conditions. The mean value (x) and the standard deviation 
(SD) of OD450 values of the negative samples were calculated. The 
cut-off value was determined using the mean value (x) plus 3SD of the 
negative samples.

The coefficient of variation (CV) of intra-and inter-assay 
variabilities was used to assess the reproducibility of the developed 
ELISA. Briefly, 6 sera were randomly selected. Three replicates of each 
sample were run in one batch to evaluate intra-assay (within plate) 
variation and 3 plates were run as separate batches to evaluate inter-
assay (between runs) variation.

To evaluate the sensitivity of the developed ELISA, 
K. pneumoniae positive serum diluted at 1:100, 1:200, 1:400, 1:800, 
1:1600, 1:3200, and 1:6400 in PBS were tested using the optimized 
working conditions. To assess the specificity of the developed 
ELISA, positive serum samples from APP, S. suis, S. aureus, 
K. pneumoniae, and E. coli were detected. K. pneumoniae antibody-
negative and-positive serum were served as negative and positive 
controls, respectively.

2.8 Development of nested PCR

According to the gene sequence of khe (GenBank: 
KX842080.1), two pairs of primers for nested PCR were designed 
using Primer 5 software (Premier Biosoft, Palo Alto, CA, USA) 
and synthesized commercially (Kumei Biotechnology, 
Changchun, China) (Supplementary Table S1). For nested PCR, 
the nucleic acids in serum samples were isolated according to a 
previous study (Mayoral et  al., 2005). Briefly, the serum was 
diluted tenfold with 0.1 M HCl–Tris buffer (pH 8.0) and incubated 
at 100°C for 14 min. Then, it was centrifuged at 10,000 g for 5 min 
and the supernatant containing nucleic acids was collected for 
PCR analysis.

The total volume of the two rounds of PCR reaction was 20 μL: 
10 μL Premix Taq polymerase (Takara, Beijing, China), 8.6 μL 
ddH2O, 0.3 μL forward and reverse primers each, and 0.8 μL DNA 
template. Thermal cycler conditions consisted of pre-denaturation 
at 95°C for 5 min, 30 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 
30 s and a final extension was performed at 72°C for 10 min; stored 
at 4°C in a Thermal Cycler (Life ECO, Bioer Technology, 
Hangzhou, China). For the second round, the product of the first 
round was used as the DNA template. Thermal cycler conditions 
consisted of pre-denaturation at 95°C for 5 min, 30 cycles of 95°C 
for 30 s, 55°C for 30 s, 72°C for 12 s and a final extension was 
performed at 72°C for 10 min; stored at 4°C. The length of the 
targeting sequence is 210 bp. The PCR products were analyzed on 
a 2% agarose gel (Biowest, Loire Valley, France) containing 0.01% 
Gold View І (NOVON Scientific, Beijing, China) in TAE buffer 
(40 mM Tris–HCl pH 8.0, 1.18 mL acetic acid, 2 mM EDTA) and 
visualized using a Gel Doc XR+ Gel Documentation System (Bio-
Rad, Hercules, CA, USA).

2.9 Statistical analysis

Experimental data were statistically analyzed by GraphPad Prism 
(version 9.0, San Diego, CA, USA). Data are presented as the 
mean ± SD from three independent replicates. Repeatability analysis 
of the established ELISA was assessed using CV (CV = SD/mean). CV 
values less than 15% for the intra-plate assay was considered as 
accepted repeatability level for the analysis. Spearman correlation 
coefficient was calculated to determine the relationship between 
ELISA positive rate and other factors. For all analyses, a p-value <0.05 
was regarded as statistically significant.

2.10 Ethical approval

All animal experiments in this study were conducted in 
accordance with the Chinese Laboratory Animal Administration Act 
1988. The animal experiments were approved by the Institutional 
Animal Care and Use Committee of Jilin University in compliance 
with the Jilin Laboratory Animal Welfare and Ethics guidelines.

3 Results

3.1 Clinical and pathological features upon 
Klebsiella pneumoniae infection in mice

After intranasal infection with K. pneumoniae, the weight change 
of mice was significantly different at 48 h and 72 h. The weight of 
K. pneumoniae group increased slowly while the control group raised 
rapidly (Figure 1A). In order to further investigate the pathogenic 
effect of K. pneumoniae on mice, we euthanized the mice at 72 h. 
Compared with the control group of mice, the K. pneumoniae group 
exhibited significant hemorrhage, neutrophil infiltration, and alveolar 
septum thickening in the lungs (Figures 1B,C). These data indicate 
that K. pneumoniae can infect mice and result in lung injury.

3.2 Clinical and pathological features upon 
Klebsiella pneumoniae infection in pigs

After K. pneumoniae infection, only mild clinical symptoms of 
respiratory system, such as occasional cough and panting was were 
observed under our experimental condition (data not shown). 
However, the body weight of pigs was gradually lost during 72 h post 
infection, and recovered to normal at 96 h post infection (Figure 2A). 
To further evaluate the pathological features of K. pneumoniae 
infection, pigs were sacrificed at 96 h post infection and the lung was 
excised. Compared to healthy control, the lungs of K. pneumoniae 
infected pigs displayed with bilateral fleshy lesions located in the 
caudal lobes and cardiac notches of both lungs, without obvious 
boundaries between the lesions and the healthy parts. Moreover, a 
large number of petechial hemorrhage spots were randomly 
distributed on the lung surface, but not in transverse sections 
(Figures  2B,C). Pulmonary pathological sections indicated that 
K. pneumoniae infection group showed more obvious alveolar 
capillary congestion and dilation, septal thickening and inflammatory 
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cell infiltration compared with the control group (Figures  2D,E). 
According to our knowledge, this is the first report on the virulence 
of K. pneumoniae on lung of pigs. These results suggest that 
K. pneumoniae infection lead to lung injury in pigs, though no obvious 
clinical symptoms observed.

3.3 Expression and purification of 
recombinant KHE protein

The expression profile of the KHE recombinant protein (rKHE, 
24 kDa) was analyzed by SDS-PAGE. The results showed that it was 
successfully expressed and purified with high purity using a Ni-NTA 
resin, which was also further confirmed by Western blot analysis of 
purified protein using anti-His primary antibody (Figures  3A,B). 
Subsequently, the antigen reactivity of rKHE protein was assessed by 

Western blot analysis. The result showed that the rKHE protein could 
react specifically with the K. pneumoniae-positive serum (Figure 3C), 
indicating that the purified rKHE protein can be used as the antigen 
to screen specific antibodies for establishment of ELISA.

3.4 Establishment and optimization of the 
ELISA

Checkerboard titration was performed for the optimization of 
the coating concentration of rKHE antigen, the dilution and 
incubation time of serum and the IgG-HRP secondary antibody. The 
results showed that the OD450 value gave the maximum difference 
between the positive serum and negative serum (P/N value of 3.170) 
when the coating concentration of antigen was 10 μg/well and the 
dilution of serum was 1:100 (Figures 4A,B). Similarly, the optimal 

FIGURE 1

Virulence of Klebsiella pneumoniae in mice. (A) Body weight change upon infection with K. pneumoniae for 72  h in mice. (B) Left: Lung without K. 
pneumoniae infection. Middle: Hematoxylin–eosin staining of lungs of control group (100×). Right: Hematoxylin–eosin staining of lungs of control 
group (400×). (C) Left: Lung with K. pneumoniae infection. Middle: Hematoxylin–eosin staining of lungs of K. pneumoniae infection group (100×). 
Right: Hematoxylin–eosin staining of lungs of K. pneumoniae infection group (400×).
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incubation time with the sample was 1 h (Figure 4C); the optimal 
dilution and the optimal incubation time of the HRP-conjugated goat 
anti-pig IgG secondary antibody were 1:2500 and 1 h, respectively. 
(Figures 4D,E).

3.5 Determination of cut-off value of 
established ELISA

The cut-off value of the established ELISA was determined by 
measuring the OD450 values of 20 standard K. pneumoniae antibody-
negative serum samples. The results showed that the mean of percent 
inhibition (PI) (x) of the negative serum samples was 0.231, and the 
SD was 0.0526. After calculation, the cut-off value of the established 
ELISA was 0.389. So, sample was regarded as K. pneumoniae 
antibody-positive and-negative at PI ≥0.389 and PI <0.389, 
respectively.

3.6 Determination of sensitivity, 
reproducibility, and specificity of 
established ELISA

The sensitivity of the established ELISA was assessed by measuring 
the OD450 values of serial dilutions of K. pneumoniae antibody-positive 
serums. The results showed that serum at a dilution of 1:800 was still 
K. pneumoniae antibody-positive, while dilution at 1:1600 was 
K. pneumoniae antibody-negative, indicating that the established 
indirect ELISA had a high sensitivity (Figure  5A). The CVs of 
intra-and inter-plate variation was used to determine the 
reproducibility of the established ELISA. The CVs of intra-and inter-
assay ranged from 1.10 to 4.32% and 1.46 to 8.03%, respectively 
(Tables 1, 2), suggesting a good reproducibility. Moreover, to detect 
the specificity of the established ELISA, cross-reactivities with 
confirmed positive sera to other common swine pathogens, including 
APP, S. suis, S. aureus, and E. coli, were detected. The results showed 

FIGURE 2

Virulence of K. pneumoniae in pigs. (A) Body weight change upon infection with K. pneumoniae for 96  h in Rongchang pigs. (B,C) Pathological 
examination of lung without (B) and with (C) K. pneumoniae infection for 96  h in Rongchang pigs. Typical petechial hemorrhage spots were indicated 
by black arrows. (D) Hematoxylin–eosin staining of lungs of control group. Left: 100×; right: 400×. (E) Hematoxylin–eosin staining of lungs with  
K. pneumoniae infection. Left: 100×; right: 400×  .

227

https://doi.org/10.3389/fmicb.2023.1329609
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wu et al. 10.3389/fmicb.2023.1329609

Frontiers in Microbiology 07 frontiersin.org

that all gave values, except for positive control, were below the defined 
cut-off point (Figure 5B), indicating there’s no cross-reactivities with 
sera-containing antibodies against other pathogens.

3.7 Detection of the prevalence of 
Klebsiella pneumoniae in pigs by 
established ELISA

A total of 920 serum samples from pig farms in Shandong and 
Inner Mongolia of China were investigated using the established 
ELISA (Figure 6A). In general, the results showed that among these 
samples, 251 displayed K. pneumoniae antibody-positive and 669 
displayed K. pneumoniae antibody-negative, with a positive rate of 

27.28% (251/920) (Figure 6B). Specifically, 179 samples from Jinan 
and 72 samples from Inner Mongolia showed K. pneumoniae 
antibody-positive, accounting for 41.24% (179/434) and 14.81% 
(72/486), respectively (Supplementary Tables S2, S3). Moreover, the 
positive rates of K. pneumoniae antibody in different cities were also 
different, indicating the prevalence of K. pneumoniae varies in 
different pig farms even in the same area. In pig farms of Jinan, the 
positive rates of K. pneumoniae antibody ranged from 0 to 100% 
(Supplementary Table S2). Interestingly, most of the pig farms from 
where less serum samples were collected showed a high K. pneumoniae 
antibody-positive rate of over 50%, while the pig farms from where 
more than 100 serum samples were collected showed a K. pneumoniae 
antibody-positive rate of 35%, approximately. The positive rates of 
K. pneumoniae antibody in serum samples from pig farms of Inner 

FIGURE 3

SDS-PAGE and Western blot analysis of purified rKHE. (A) Assessment of rKHE expression in E. coli by SDS-PAGE. M, Protein marker; 1, total protein 
without IPTG induction; 2, total protein after IPTG induction; 3, supernatant of E. coli lysed cells; 4, sediments of E. coli lysed cells; 5, 20  mM imidazole 
effluent; 6, 50  mM imidazole effluent; 7, purified protein; (B) rKHE was identified using anti-His monoclonal antibody by Western blot. M, protein 
marker; 1, BL21 pET28a::KHE upon IPTG induction; 2, BL21 pET28a upon IPTG induction; (C) Analysis of antigen reactivity of rKHE protein by Western 
blot. M, protein marker; 1, K. pneumoniae-positive serum; 2, K. pneumoniae-negative serum.
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Mongolia ranged from 0 to 32.23%, which were mainly concentrated 
in Chifeng (32.23%), Hohhot (31.58%), and Ordos (18.46%), while the 
positive rates of K. pneumoniae antibody in other areas were lower 
than 2% (Figure 6A; Supplementary Table S3).

3.8 Detection of the prevalence of 
Klebsiella pneumoniae in pigs by nested 
PCR

The 920 serum samples from pig farms in Jinan, Shandong and 
different cities of Inner Mongolia were also investigated using 

established nested PCR. In general, the results showed that among 
these samples, clear bands with expected size were observed in 
176  K. pneumoniae serum samples, but not in other 744 samples 
(Supplementary Figure S1). The positive rate was 19.13% (176/920) 
(Figure 6B). Specifically, the positive rates in Jinan and Inner Mongolia 
were 35.48% (154/434) and 4.53% (22/486), respectively 
(Supplementary Tables S4, S5). Moreover, the positive rates in different 
areas of Shandong and Inner Mongolia were also different. In pig 
farms of Jinan, Shandong, the positive rates ranged from 13.33 to 
73.33% (Supplementary Table S4). In pig farms of Inner Mongolia, the 
positive rates ranged from 0 to 7.02% (Figure  6A; 
Supplementary Table S5).

FIGURE 4

Optimization of indirect ELISA conditions. The coating concentration of rKHE antigen (A), the dilution and incubation time of serum (B,C), and the 
IgG-HRP secondary antibody (D,E) were optimized by checkerboard titration and selected according to the P/N value. Data are presented as the 
mean  ±  SD from three independent replicates.
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3.9 Determination of factors correlated to 
Klebsiella pneumoniae infection rate

The K. pneumoniae infection rate in pig’s serum from Jinan, 
Shandong is much higher than that from other cities of Inner 

Mongolia (Figure 6A). Since the cities with higher positivity rates such 
as Jinan and Hohhot tend to be more developed, we wonder if the 
K. pneumoniae infection rate is associated with human activities 
including gross population, population mobility, Gross Domestic 
Product (GDP), and breeding density (number of pigs/population). 

FIGURE 5

Specificity and sensitivity analysis of established indirect ELISA. (A) The specificity of established ELISA was evaluated by detection of cross reactions 
with serum containing antibodies against four common pathogens in swine, including APP (Actinobacillus pleuropneumoniae), S. suis (Strptococcus 
suis), S. aureus (Staphylococcus aureus), and E. coli (Escherichia coli). (B) The sensitivity of established ELISA was determined by assessment of serial 
dilutions of K. pneumoniae-positive serum. The cut-off value was determined using the mean value (x) plus 3SD of the K. pneumoniae-negative 
samples. Values above cut-off was accepted as K. pneumoniae antibody-positive. Data are presented as the mean  ±  SD from three independent 
replicates.

TABLE 1 Intra-assay of established indirect ELISA.

Serum No. Number of repetitions (OD450 values) X† SD† CV%†

1 2 3

1 0.913 0.925 0.905 0.914 0.010 1.101%

2 0.179 0.171 0.175 0.175 0.004 2.286%

3 0.442 0.474 0.479 0.465 0.020 4.317%

4 0.237 0.244 0.233 0.238 0.006 2.339%

5 0.189 0.185 0.183 0.186 0.003 1.645%

6 0.165 0.161 0.173 0.166 0.006 3.673%

†X, average; SD, standard deviation; CV, coefficient of variation, calculated by SD divided by mean values.

TABLE 2 Inter-assay of established indirect ELISA.

Serum No. Number of repetitions (OD450 values) X† SD† CV%†

1 2 3

1 0.742 0.728 0.721 0.730 0.011 1.464%

2 0.169 0.147 0.148 0.155 0.012 8.032%

3 0.811 0.854 0.856 0.840 0.025 3.025%

4 0.393 0.367 0.384 0.381 0.013 3.462%

5 0.153 0.152 0.143 0.149 0.006 3.688%

6 0.425 0.443 0.446 0.438 0.009 2.055%

†X, average; SD, standard deviation; CV, coefficient of variation, calculated by SD divided by mean values.
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As expected, high infection rates were mainly observed in Jinan, 
Chifeng, Hohhot, and Ordos, which have higher gross population, 
GDP, and population mobility (the number of tourists) than other 
cities (Table  3). Accordingly, Spearman correlation analysis 
demonstrated a strong positive correlation between K. pneumoniae 
infection rate and gross population, GDP, and the number of tourists. 
On the other hand, a moderate negative correlation between 
K. pneumoniae infection rate and breeding density was observed 
(Table 3; Figure 7). Overall, these results suggest that the prevalence 
of K. pneumoniae in pigs is positively associated with indicated human 
activities. The more frequent human activities, the higher incidence of 
K. pneumoniae infection in pigs.

3.10 Comparison of results between the 
established ELISA and nested PCR

We found that the consistency between positive samples identified 
by ELISA and nested PCR was not high. As shown in 
Supplementary Table S6, there were 559 negative samples as detected 
by both methods, indicating that 60.76% of pigs have never been 
infected with K. pneumoniae. There were 66 positive samples as 
detected by both methods, indicating that 7.17% of pigs are infected 
with K. pneumoniae. Moreover, there were 110 samples showed 
K. pneumoniae antibody negative as detected by established ELISA, 
but identified as positive by nested PCR, which may indicate that 
11.96% of pigs might be infected by K. pneumoniae at an early-stage. 
Identified as positive by established ELISA, while negative by nested 
PCR were observed in 185 samples, which may indicate that 20.11% 
of pigs have endured the infection of K. pneumoniae.

4 Discussion

Klebsiella pneumoniae is an important opportunistic and zoonotic 
pathogen that causes various diseases in humans and animals 
(Bowring et al., 2017; Bidewell et al., 2018). However, the pathogenicity 
and epidemiology of K. pneumoniae in pigs is still unknown due to the 
lack of rapid and sensitive diagnosis techniques. In this study, we show 
that infection by a human origin K. pneumoniae led to mild lung 
injury of pigs. Epidemic detection of K. pneumoniae by an established 
indirect ELISA and nested PCR demonstrate a high infection rate in 
pigs, which is associated with local population, GDP, human activities, 
and breeding density. These results provide valuable information for 
the illustration of transmission and control of diseases caused by 
K. pneumoniae both in humans and pigs.

Though K. pneumoniae-induced septicemia have been observed, 
infections by K. pneumoniae in pigs are usually not fatal and rarely 
reported in veterinary medicine (Bowring et al., 2017; Bidewell et al., 
2018). The effect of K. pneumoniae infection on pig health have been 
neglected. However, we speculate that K. pneumoniae infection may 
also impair pig health, especially in lung, even though the symptoms 
are subclinical or even asymptomatic. As expected, we observed mild 
lung injury and body weight loss upon K. pneumoniae infection in 
pigs (Figure  2). Importantly, the K. pneumoniae strain used in 
infection experiment in pigs is an hypervirulent serotype K2 strain 
that was isolated from human. According to our knowledge, this is the 
first report on the virulence of K. pneumoniae from a human origin 
on lung of pigs. Moreover, K. pneumoniae have been isolated from 
lung samples together with other common pathogens that cause 
pneumoniae in pigs, such as E. coli (Lai et  al., 2018) and porcine 
reproductive and respiratory syndrome virus (PRRSV) (Yan et al., 

FIGURE 6

Detection of K. pneumoniae in serum samples by established indirect ELISA and nested PCR. (A) Geographic locations of pig serum samples collected 
from pig farms in Shandong and Inner Mongolia, China; the original map is downloaded from DataV (https://datav.aliyun.com/portal/school/atlas/
area_selector). (B) Overall K. pneumoniae positive rate by established indirect ELISA and nested PCR.
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2020). We  assume that K. pneumoniae may contributes to the 
pathogeneses of these pathogens.

According to our knowledge, there’s no commercial kits for the 
rapid detection of K. pneumoniae antibodies in pig serum. 
Conventional techniques including PCR are commonly utilized for 
detection and identification of K. pneumoniae (Chen et al., 2021). 
ELISA is a sensitive, specific, and one of the most common serological 
methods for the pathogen detection in veterinary medicine. 
Compared to conventional PCR techniques, it does not require 
expensive instruments, which makes it a convenient tool for rapid 
detection of pathogens. In this study, we have established an indirect 
ELISA method which displayed high sensitivity, reproducibility, and 
specificity in the assays. Since there’s no vaccines for pigs in China 
against K. pneumoniae infection, the established ELISA can be utilized 

for the diagnosis of K. pneumoniae infection by detecting whether the 
serum contain the specific antibodies. However, a major drawback of 
this method is that it may requires large amounts of rKHE protein as 
coating antigens for large-scale serum detections. Thus, a developed 
protein purification method might be needed. Moreover, evaluation 
of the prevalence of K. pneumoniae might be inadequate since the 
established ELISA detects anti-rKHE antibody which takes certain 
time to be produced during infection process by host. Thus, infections 
at an early stage might be overlooked.

To overcome these drawbacks, a nested PCR that detects nucleic 
acids of khe was developed. Compared conventional PCR, nested PCR 
has higher sensitivity and specificity in terms of amplifying a cDNA 
copy of an mRNA present at very low abundance in samples (Green 
and Sambrook, 2019). In line with these speculations, ELISA and 
nested PCR gave different results of positive rates in serum samples 
from both areas, suggesting the pigs were infected with K. pneumoniae 
at different infection stages (Pinedo et  al., 2008). ELISA-positive 
results indicated that the pigs have been infected with K. pneumoniae 
for some time or at a late stage of infection, while nested PCR-positive 
results indicated that the animal are infected with K. pneumoniae at 
present. Analysis of the results from the both established methods may 
be  needed to better evaluate the prevalence of K. pneumoniae 
in animals.

Most of the infections caused by K. pneumoniae have been 
observed in diverse animals including cattle, goat, horse, and cat, but 
not many in pigs (Brisse and Duijkeren, 2005; Ribeiro et al., 2022). In 
this study, a total of 920 serum samples from Shandong and Inner 
Mongolia of China were detected using the established methods. The 
positive rates of K. pneumoniae antibody in both areas were quite high 
(Figure 6B), indicating K. pneumoniae is a major emerging pathogen 
that prevalent in pigs. Our result is consistent with a previous study 
which showed K. pneumoniae was the sixth most frequently 
encountered pathogen in swine (Zou et al., 2011). Considering the fact 
that K. pneumoniae can be transmitted between humans and animals 
via food chain and occupational contact (Founou et al., 2018; Yang 
F. et al., 2019; Leangapichart et al., 2021), we hypothesize that the 

TABLE 3 Correlation coefficient of ELISA and different factors by Spearman correlation analysis.

Cities Positive rate GDP† Population† Domestic 
tourists†

Pig number Breeding 
density

ELISA Nested 
PCR

(0.1 billion) (10,000 
person)

(10,000 
person-
times)

(10,000) (Pig number/
population)

Jinan 41.24% 35.48% 10140.9 920.24 6037.9 131.95 6.97416

Chifeng 32.23% 5.79% 1763.6 403.13 1383.92 139.19 2.89626

Hohhot 31.58% 7.02% 2800.68 345.42 1820.36 41.03 8.41872

Ordos 18.46% 6.15% 3533.66 215.56 1580.84 28.29 7.61965

Tongliao 1.61% 0.00% 1276.64 286.75 1158.32 157.83 1.81683

Hulun Buir 1.55% 5.43% 1172.2 223.63 781.16 34.53 6.4764

Hinggan League 0.00% 0.00% 547.92 141.32 681.1 53.04 2.6644

Correlation 

coefficient
1 0.829 0.857 0.893 0.893 0.109 −0.6

P 0.0004 0.03 0.023 0.012 0.012 0.816 0.154

†GDP, population, and domestic tourists are calculated using the data in the year 2020. Data of Jinan is obtained from the Jinan statistical yearbook 2021 published by Jinan government (http://
jntj.jinan.gov.cn/art/2021/10/11/art_27523_4743879.html). Data of others cities is obtained from the Statistical Bureau of Inner Mongolia (http://tj.nmg.gov.cn/datashow/easyquery/easyquery.
htm?cn=B0103). GDP, Gross Domestic Product.

FIGURE 7

Determination of factors correlated to K. pneumoniae infection rate 
by Spearman correlation analysis. Correlation coefficient between 
0.00–0.10, negligible correlation; 0.10–0.39, weak correlation; 0.40–
0.69, moderate correlation; 0.70–0.89, strong correlation; 0.90–
1.00, very strong correlation.
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domestic animals may represent a source of the pathogenic and 
multidrug-resistant K. pneumoniae to humans or vice versa.

Moreover, we  observed that the K. pneumoniae infection rate 
varied dramatically in different regions and pig farms 
(Supplementary Tables S2–S5). Regions with high population density 
and GDP had higher infection rate than that with low population 
density and GDP. Moreover, K. pneumoniae infection rate is positively 
correlated with gross population, GDP, and the number of tourists 
(Figure 7), but negatively correlated with breeding density, suggesting 
that the prevalence of K. pneumoniae in pigs is associated with 
human activities.

In conclusion, our study demonstrated that K. pneumoniae 
infection impaired pig health. Rapid detection of K. pneumoniae by the 
established indirect ELISA and nested PCR indicated a high infection 
rate in pigs, which is correlated with local population, GDP, human 
activities and breeding density. These results suggested the established 
methods can be applied for rapid clinical diagnoses to evaluate the 
prevalence of K. pneumoniae infection both in animals and humans, 
and highlighted the effect of K. pneumoniae infection on pig health to 
which needs to be paid more attentions in veterinary medicine.
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Molecular detection of 
Rickettsiales and a potential 
novel Ehrlichia species closely 
related to Ehrlichia chaffeensis 
in ticks (Acari: Ixodidae) from 
Shaanxi Province, China, in 
2022 to 2023
Xue Zhang 1, Wen Lv 2, Zhongqiu Teng 1, Na Zhao 1, Yue Zhou 3, 
Di Ma 4, Lin Ma 2, Yuqing Cheng 1, Jianjun Wei 5, Jia He 1, 
Wenke Ma 6, Dongli Liu 2* and Tian Qin 1*
1 National Key Laboratory of Intelligent Tracking and Forecasting for Infectious Diseases, National 
Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control 
and Prevention, Beijing, China, 2 Shaanxi Provincial Center for Disease Control and Prevention, 
Xi'an, China, 3 Long County Center for Disease Control and Prevention, Baoji, China, 4 Mei County 
Center for Disease Control and Prevention, Baoji, China, 5 HanZhong Center for Disease Control 
and Prevention, Hanzhong, China, 6 Zhenba County Center for Disease Control and Prevention, 
Hanzhong, China

Important tick-borne diseases include spotted fever group Rickettsia (SFGR), 
Anaplasma, and Ehrlichia, which cause harm to animal and human health. 
Ixodidae are the primary vectors of these pathogens. We aimed to analyze 
the prevalence and genetic diversity of SFGR, Anaplasma, and Ehrlichia 
species in the Ixodidae in Shaanxi Province, China. Herein, 1,113 adult 
Ixodidae ticks were collected from domestic cattle and goats, and detected 
using nested PCR. A total of four Ixodidae species were collected and Ca. 
R. jingxinensis (20.58%, 229/1113), A. bovis (3.05%, 34/1113), A. capra (3.32%, 
37/1113), A. marginale (0.18%, 2/1113), E. sp. Yonaguni138 (0.18%, 2/1113), 
and a potent novel Ehrlichia species named E. sp. Baoji96 (0.09%, 1/1113) 
were detected. A. marginale was detected for the first time in Rhipicephalus 
microplus. E. sp. Baoji96 was closely related to E. chaffeensis and was first 
identified in Haemaphysalis longicornis. In addition, co-infection with two 
Rickettsiales pathogens within an individual tick was detected in 10 (1.54%) 
ticks. This study provides a reference for the formulation of biological 
control strategies for ticks and tick-borne diseases in Shaanxi Province, and 
could lead to an improved control effect.
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1 Introduction

Rickettsiales are a class of bacteria that are gram-negative 
obligate intracellular bacteria that can infect humans and different 
vertebrates via the bite of an arthropod vector. Recognized 
important Rickettsiales pathogens include spotted fever group 
Rickettsia (SFGR), Anaplasma, and Ehrlichia, and Ixodidae are their 
primary vectors (Qin et al., 2019). The initial symptoms are similar 
to those of a cold, such as high fever, weakness, pain, chills, etc., and 
there are also signature clinical features, rash and eschar. SFGR 
consists of over 30 species distributed worldwide, and at least 18 
species have been identified as human pathogens in China 
(Robinson et al., 2019; Teng et al., 2023b). For example, Rickettsia 
rickettsii is the most pathogenicSFGR, which causes Rocky 
Mountain spotted fever (RMSF) in North America. Rickettsia conorii 
causes Mediterranean spotted fever (MSF) in some regions of 
Europe, Africa, and Asia (Robinson et al., 2019). In addition, disease 
names associated with pathogens often reflect the region where they 
are found; however, the actual endemic region is often much larger 
(Labruna et al., 2014). Rickettsia japonica causes Japanese spotted 
fever (JSF). It was first described in Japan in 1984 in three patients 
with high fever and rash (Mahara, 1997). But outside Japan, cases 
have been reported in China, South Korea, the Philippines, and 
Thailand (Teng et al., 2023a). At present, the genera Anaplasma and 
Ehrlichia contain eight known bacterial species that infect humans: 
A. phagocytophilum, A. platys, A. ovis, A. bovis, A. capra, 
E. chaffeensis, E. ewingii, and E. muris (Bakken et al., 1994; Paddock 
and Childs, 2003; Thomas et  al., 2009; Chochlakis et  al., 2010; 
Johnson et al., 2015; Li et al., 2015; Lu et al., 2022). Furthermore, 
E. chaffeensis causes human monocytotropic ehrlichiosis (HME), 
and A. phagocytophilum is responsible for human granulocytotropic 
anaplasmosis (HGA). Both HME and HGA have fairly high 
infection rates in the United  States, and cases have also been 
reported in China (Ismail et al., 2010). Rickettsiales are potential 
pathogenic factors for numerous diseases, which can lead to rash, 
post-infectious arthritides, interstitial pneumonia, 
meningoencephalitis, acute kidney injury, multiple organ failure, 
and even death after human infection (Pasquale Mansueto et al., 
2012; Zeidler and Hudson, 2021; Sebastian et al., 2022). Moreover, 
in recent years, a number of emerging and re-emerging Rickettsiales 
species have been discovered to infect humans (Qin et al., 2019). 
Thus, Rickettsiales diseases will continue to be  a threat to 
human health.

The epidemiology of tick-borne Rickettsial disease reflects the 
geographic and seasonal distribution of the pathogen and 
transmission is mainly related to the following: the tick vector and its 
host, and the human behavior of people bitten after their skin is 
exposed to the tick (Beati et al., 1997). The distribution of tick-borne 
Rickettsial disease is geographically similar to that of ticks and their 
hosts, which tells us that understanding the distribution and changes 
of vectors is very important for the prevention and control of tick-
borne rickettsial disease. Ticks are found in a wide range of areas, 
ranging from forests to roadside bushes, and even in areas without 
vegetation (Piotrowski and Rymaszewska, 2020). This makes us aware 
of the potential dangers of tick bites when we travel.

Ixodidae, the primary vectors of pathogens belonging to the 
Rickettsiales, comprise 111 species from 7 genera in China (Zhang 

et al., 2019). Ticks are found in all regions of China and infect every 
class of terrestrial vertebrates, including mammals, birds, reptiles, and 
even amphibians (Lu et al., 2019). With more and more attention 
being paid to the construction of urban landscaping, the contact area 
between man and nature has been greatly increased. This overlaps 
human, animal and tick habitats, greatly increasing the risk of human 
tick bites. Despite their ubiquity in nature, these organisms are often 
overlooked as an important cause of disease around the world. 
Treatment is easily delayed because of a lack of awareness of tick-
borne diseases. Due to misdiagnosis, the best antibiotic treatment 
time is missed, which may lead to serious complications and even 
death. Hence, investigation of local tick-borne Rickettsiales pathogen 
prevalence is helpful for the early diagnosis and treatment of 
related diseases.

The terrain of Shaanxi province consists of mountains, plains, 
and basins, spanning three climatic zones. Southern Shaanxi is 
humid, central Guanzhong is semi-humid, and northern Shaanxi 
is semi-arid; therefore, it is rich in species and diverse in 
vegetation types. The Qinling Mountains are even known as a 
“biological gene bank.” Different ticks have different habitats. 
Ixodes prefer cool, moist environments, but Rhipicephalus 
sanguineus are adapted to high temperatures and dry 
environments. And, Different ticks prefer different hosts 
(Piotrowski and Rymaszewska, 2020). Here, ticks always find the 
right living conditions and plenty of hosts. In the past, 
Rickettsiales studies in Shaanxi Province mainly focused on 
Anaplasma, especially A. capra (Guo et al., 2019b). In this study, 
we aimed to analyze the prevalence and genetic diversity of SFGR, 
Anaplasma, and Ehrlichia species in Ixodidae collected from 
Shaanxi Province, China.

2 Materials and methods

2.1 Sample collection

From 2022 to 2023, adult ticks were collected from locations in 
Shaanxi Province, China: Zhenba County of Hanzhong city 
(32°08′ ~ 32°50′N, 107°25′ ~ 108°16′E), Baoji City (33°35′ ~ 35°06′N, 
106°18′ ~ 108°03′E), and Shangluo District of Shangluo City 
(33°06′ ~ 33°44′N, 10°24′ ~ 111°01′E) (Figure 1). Two methods of 
collecting ticks were used: the tweezers were used to pick up ticks 
on the body surface of domestic animals (cattle and goats), and the 
cloth flag method was used to collect ticks in grassland. All ticks 
were identified by observing their structure under a light microscope 
and referring to the tick classification search table (Teng and 
Jiang, 1991).

2.2 DNA extraction

The ticks were removed from −80°C storage, and washed 
successively using 0.1% Bromo-Germaine, 75% alcohol, and 
phosphate-buffered saline (PBS) for 10–15 min. This step is to remove 
impurities from the surface of ticks. The ticks were individually 
homogenized in PBS, and then centrifuged for 3 min at 2,500 × g. Total 
nucleic acids from the tick homogenates were extracted using a 
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QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) and diluted to 
100 μL. All the DNA extracts were stored at −20°C until use.

2.3 PCR amplification and sequencing

All ticks were further confirmed by PCR amplification and DNA 
sequencing of the mitochondrial cytochrome oxidase I (CO I) gene 
(Peng-Fei et al., 2018). Rickettsia in the ticks were simultaneously 
detected using nested or semi-nested PCR targeting a 440 bp region 
of the 17-kDa antigen-encoding (17kD) gene, a 1,100 bp region of the 
citrate synthase (gltA) gene, and a 1,200 bp region of the 16S rRNA 
(rrs) gene. A 500 bp sequence generated using universal primers of the 
rrs gene was used to detect Anaplasma and Ehrlichia. The clones 
positive for Anaplasma were further amplified using primers 
amplifying groEL (encoding the 60 kDa heat shock protein), gltA, and 
a longer fragment (1,200 bp) of the rrs gene. The clones positive for 
Ehrlichia were further amplified with primers for groEL, gltA, dsb 
(encoding the disulfide bond formation protein), ftsZ (encoding a cell 
division protein), and a longer fragment of the rrs gene. For the 
potential novel agents, positive specimens a 1,200 bp fragment of the 
rrs gene was amplified, and two nested PCR assays were used to 
amplify the 5′-end and 3′-end fragments of the rrs gene to assemble a 
complete gene (Wen et al., 2002). All the primers used for PCR are 
shown in Supplementary Table S1. All primers were synthesized by 
Sangon Biotech (Shanghai) Co., Ltd. And PCR was performed using 
Premix Taq Version 2.0 plus dye (Takara, Dalian, China). These 
sequences were amplified by nested or semi-nested PCR according to 
Lu et al. (2022). Tm is 50°C.

The PCR products were electrophoresed through 1.0% agarose 
gels. The target amplicons were purified using a QIAquick PCR 
Purification Kit (Qiagen). The purified PCR products were sent to 

Beijing De’aoping Biotechnology Co., Ltd. (Beijing, China) for 
bi-directional sequencing.

2.4 Genetic and phylogenetic analysis

The sequences obtained from the target genes were modified 
and assembled using the EditSeq and SeqMan programs (in 
DNAStar, Ver. 7.0, DNASTAR Inc., Madison, WI, United States) to 
make them accurate and complete. For confirmation, these 
sequences were compared with those uploaded to GenBank1 using 
the Basic Local Alignment Search Tool (BLASTn). Multiple 
sequence alignments of these sequences were performed using the 
Clustal W method (with default parameters) as implemented in the 
MegAlign program (DNAStar, Ver. 7.0). The evolutionary history 
of these sequences was inferred using the maximum likelihood 
method in MEGA version 7 (Bakken et  al., 1994; Kumar et  al., 
2016). The robustness of the resultant phylogenetic trees was 
assessed based on bootstrap support values obtained from 1,000 
replicates; values more than 70% were considered to indicate 
significant differences.

2.5 Nucleotide sequence accession 
number

The GenBank accession numbers of the nucleotide sequences 
obtained in this study are presented in Supplementary Table S2.

1 http://blast.ncbi.nlm.nih.gov/

FIGURE 1

Map of Shaanxi Province showing the locations of the study sites.
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3 Results

3.1 Tick collection and identification

A total of 1,113 adult ticks were collected from three different 
locations in Shaanxi Province (365 from Zhenba County, 691 from 
Baoji City, 57 from Shangluo District) (Figure 1). Based on the tick 
classification characteristics and further confirmed by amplification 
of the COI gene, three tick species were identified: Haemaphysalis 
longicornis (87.42%, 973/1113), Rhipicephalus microplus (11.77%, 
131/1113), Haemaphysalis flava (0.81%, 9/1113) (Table 1). The COI 
gene sequences of all the ticks obtained in this study showed 99–100% 
identities with those of the above three ticks in GenBank 
(OR574171–OR574179).

3.2 Detection and phylogenic analysis of 
Rickettsia

PCR amplification results showed that 130 ticks were positive for 
rrs, gltA, and 17kD, and the prevalence of Rickettsia in the ticks was 
20.58% (229/1113). Rickettsia was detected in Haemaphysalis 
longicornis (20.04%, 195/973), Rhipicephalus microplus (23.66%, 
31/131), and Haemaphysalis flava (33.33%, 3/9). Table 1 shows the 
situation of ticks and Rickettsia (SFGR), Anaplasma, and Ehrlichia 
carried by ticks in different areas of Shaanxi Province. Based on these 
three genes, only one spotted fever group Rickettsia was detected. 
Among all the amplified Rickettsia strains, there were three 
representative strains (rrs: OR513096–OR513098; 17KD: OR526945–
OR526947; gltA: OR526950–OR526952), and other Rickettsia strains 
were 100% identical with these three strains. As shown in the 
phylogenetic tree in Figure 2, and nucleotide alignment showed that 
their rrs gene, gltA gene, and 17kD gene were 100, 99.89%, 99.54–
100% similar to “Candidatus Rickettsia jingxinensis” (Ca. 
R. jingxinensis) strains (rrs: MH500204, MH923226; gltA: MH500217, 
OQ702260; 17kD: MH932037-MH932038, OQ702257), respectively. 

Figures 2–4 shows phylogenetic trees constructed with different genes, 
which can be used to observe the evolutionary relationships between 
species and to better understand the diversity of species.

3.3 Detection and phylogenic analysis of 
Anaplasma

Three Anaplasma species (A. bovis, A. capra, A. marginale) were 
detected in H. longicornis and Rh. microplus. A. bovis detected in this 
study was found in H. longicornis from Zhenba County and Baoji City 
with a prevalence of (3.05%, 34/1113). As shown in Figure 3, in the 
phylogenetic analysis based on the rrs gene, the 14 sequences were 
clustered together with those of A. bovis strains obtained from cattle 
(MH255914) and goats (MH594292, MH255920) found in other 
provinces of China. The topologies of groEL and gltA gene-based 
phylogenetic trees were similar to that of the rrs gene-based 
phylogenetic tree. The rrs, gltA, and groEL gene sequences from the 
strains amplified in this study shared 99.92–100%, 99.35–100%, and 
99.87–100% identity with previously reported A. bovis sequences, 
respectively. A. capra was detected in H. longicornis in Baoji City and 
Shangluo District, with a positive rate of (3.32%, 37/1113). In the rrs, 
gltA, groEL phylogenetic tree, the sequences obtained in this study 
showed a close relationship with A. capra isolate JZT12 (OQ185246) 
detected in Anhui province in China. DNA sequencing of the partial 
rrs and gltA gene showed 100% identity to A. capra isolate JZT12, 
while the groEL gene showed 99.88–100% similarity. The positive rate 
of A. marginale was (0.18%, 2/1113), which was amplified from 
H. longicornis from Shangluo District. Sequence analysis showed that 
the sequences of the two samples were consistent, and were closely 
related to that of the known A. marginale found in Rh. microplus from 
wild goats and cattle (Lu et al., 2017). The sequences of their partial 
rrs gene showed 100% identity to that of the A. marginale strain 
WHBMXZ-130 (KX987367), and their gltA and groEL gene showed 
99.70 and 99.88% identity to A. marginale strain WHBMXZ-130, 
respectively.

TABLE 1 Detection of Rickettsia, Anaplasma, and Ehrlichia in ticks from different areas in Shaanxi Province, China.

Locality Ticks

Province County
Geographic 
coordinates

Species No. tested
Rickettsia 
(No. of 
positive)

Anaplasma 
(No. of 
positive)

Ehrlichia 
(No. of 
positive)

Shaanxi

Zhenba
32°08′ ~ 32°50′N,

107°25′ ~ 108°16′E

Haemaphysalis longicornis 230
Ca. R. jingxinensis 

(29)
A. bovis (11)

E. sp. 

Yonaguni138 (2)

Rhipicephalus microplus 131
Ca. R. jingxinensis 

(31)
A. marginale (2) 0

Haemaphysalis flava 4
Ca. R. jingxinensis 

(3)
0 0

Baoji
33°35′ ~ 35°06′N,

106°18′ ~ 108°03′E

Haemaphysalis longicornis 686
Ca. R. jingxinensis 

(165)

A. bovis (23)
E. sp. Baoji96 (1)

A. capra (36)

Haemaphysalis flava 5 0 0 0

Shangluo
33°06′ ~ 33°44′N,

110°24′ ~ 111°01′E
Haemaphysalis longicornis 57

Ca. R. jingxinensis 

(1)
A. capra (1) 0

Total 1,113 229 (20.58%) 73 (6.56%) 3 (0.27%)

238

https://doi.org/10.3389/fmicb.2023.1331434
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2023.1331434

Frontiers in Microbiology 05 frontiersin.org

FIGURE 2

Phylogenetic trees of Rickettsia strains. The tree was constructed using MEGA 7.0 based on the nucleotide sequences of the 16S rRNA (1,188  bp), gltA 
(1,000  bp; encoding citrate synthase), and 17kD (440  bp, encoding the 17-kDa antigen) genes. Sequences obtained in this study are marked in red.

FIGURE 3

Phylogenetic trees of Anaplasma strains. The tree was constructed using MEGA 7.0 based on the nucleotide sequences of the 16S rRNA (1,200  bp), gltA 
(1,000  bp), and groEL (800  bp, encoding the 60  kDa heat shock protein) genes. Sequences obtained in this study are marked in red.
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3.4 Detection and phylogenic analysis of 
Ehrlichia

Two Ehrlichia species were detected in H. longicornis (0.27%, 
3/1113). As shown in Figure 4, phylogenetic analysis of the rrs and 
groEL gene sequences of one detected from Zhenba revealed that it 
was most closely related to E. sp. Yonaguni138 (HQ697588) found in 
Japan (Matsumoto et al., 2011). Its rrs and groEL genes were 100% 
identical to that of Ehrlichia sp. Yonaguni138. However, its dsb gene 
showed the highest identity (90.28%) to Ca. E. pampeana isolate 
S12HM25, and the ftsZ gene showed the highest identity (90.28%) to 
Ehrlichia sp. MieHfN113. This was probably because of the absence of 
the counterparts of dsb and ftsZ gene sequences from Ehrlichia sp. 
Yonaguni138 in the GenBank database.

Nucleotide alignment showed that the other Ehrlichia species 
from Baoji City was 99.20% identical to E. chaffeensis strain Arkansas 
(NR_074500) based on the rrs gene, 89.69% to Ehrlichia muris 
AS145 (CP006917) based on the gltA gene, and 94.91% to Ehrlichia 
sp. NS101 (AB454077) based on the groEL gene. Thus, we believed 
it represented a putative novel species, which we named as “Ehrlichia 
sp. Baoji96” according to the site where it was detected. To identify 
Ehrlichial agents at the species level, the 5′-end and 3′-end fragments 
of the rrs gene of Ehrlichia sp. Baoji96 was amplified and assembled 
with the parts already acquired into a complete gene of 1,504 bp. The 

whole 16S rRNA gene sequence of this novel species was compared 
with those of other species of Anaplasma family using the Clustal W 
method in the multiple sequence alignment program of DNAStar. It 
showed that there were interspecific differences between Ehrlichia 
sp. Baoji96 and other Ehrlichia species in the hypervariable region at 
the first 200 bp of the 5′-end of the 16S rRNA gene (Figure 5). The 
levels of sequence divergences and similarities between the novel 
species and the strains of Anaplastidae are shown in Figure 6. As can 
be seen from the table, the entire sequence was most similar to the 
16S rRNA gene sequences of E. chaffeensis. The similarity is 99.2%, 
which is less than 99.7%, and is thus in the range for a new species 
(Qin et al., 2019).

3.5 Co-infection of Rickettsiales in ticks

As is shown in Table  2, co-infection with two Rickettsiales 
pathogens within an individual tick was detected in 10 (0.90%, 
10/1113) ticks. Five (0.45%, 5/1113) ticks were co-infected with Ca. 
R. jingxinensis and A. bovis, two (0.18%, 2/1113) ticks were 
co-infected with Ca. R. jingxinensis and A. capra, two (0.18%, 2/1113) 
ticks were co-infected with Ca. R. jingxinensis and A. marginale, and 
only one tick was co-infected with Ca. R. jingxinensis and 
Ehrlichia spp.

FIGURE 4

Phylogenetic trees of Ehrlichia strains. The tree was constructed using MEGA 7.0 based on the nucleotide sequences of the 16S rRNA (1,110  bp), gltA 
(804  bp), groEL (1,030  bp), dsb (400  bp; encoding the disulfide bond formation protein) and ftsZ (343  bp; encoding a cell division protein) genes. 
Sequences obtained in this study are marked in red.
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4 Discussion

In the present study, the prevalence and genetic diversity of SFGR, 
Anaplasma, and Ehrlichia species in Ticks (Ixodidae) in Shaanxi 
Province was analyzed using molecular methods. A total of 1,113 
ticks, including H. longicornis, Rh. microplus and H. flava, were 
collected in Shaanxi Province from 2022 to 2023. Among these ticks, 
one species of Rickettsia, two species of Ehrlichia, and three species of 
Anaplasma were identified.

The Rickettsia species detected in this study was Ca. 
R. jingxinensis, which was first found in Japan (Ishikura et al., 2003) 
and named in 2016 in Jingxin city, Jilin Province, China (Liu et al., 
2016). In recent years, it has been found in both H. longicornis and Rh. 
microplus from Liaoning, Hebei, Shaanxi, Anhui, Hubei, and Yunnan 
provinces of China (Dong et al., 2014; Liu et al., 2016; Wang et al., 
2021b; Jin et al., 2023). In addition to H. longicornis and Rh. microplus, 
it was also detected in H. flava in Shaanxi Province in the present 
study. The prevalence of Ca. R. jingxinensis in the ticks was as high as 
20.58%. And our study showed that the gltA genes of Ca. 
R. jingxinensis in H. longicornis, Rh. microplus, and H. flava were 

100% identical with the gltA gene of R. sp. strain WHBMXZ-80 and 
Ca. R. longicornii, suggesting an identification of the two organisms 
as one species, which is consistent with previous reports (Jiang et al., 
2018; Jiao et al., 2021). This suggests that Ca. R. jingxinensis has a 
much wider distribution than previously realized and might 
be emerging as a dominant SFG species in the epidemic distribution 
of the vector species. Moreover, the gltA gene sequence of Ca. 
R. jingxinensis was found in a patient (KU853023) (Guo et al., 2018; 
Guo et al., 2019a). Furthermore, we found that it can coexist with 
pathogenic A. bovis and A. capra in ticks. Hence, we  should pay 
continuous attention to the agent and raise awareness of its 
potential pathogenicity.

A. bovis, A. capra, and A. marginale discovered in this study have 
been identified as human or animal pathogens. A. bovis and A. capra 
have emerged as known zoonoses in recent years, which cause 
considerable harm to both humans and animals (Li et al., 2015; Lu 
et al., 2019). In 2017, A. bovis was reported to be capable of infecting 
cattle as well as humans (Lu et al., 2019). The emergence of A. capra 
as a human pathogen was observed in Heilongjiang Province in 2015 
(Li et al., 2015). Patients infected with these two pathogens have 

FIGURE 5

The differences in the 16S rRNA gene sequences of E. sp. Baoji96 and representative strains of Ehrlichia in a 50  bp hypervariable region located at the 
5′-end of the 16S rRNA gene after multiple sequence alignment.

FIGURE 6

Levels of genetic identity and divergence between E. sp. Baoji96 and Anaplasmataceae species in the 16S rRNA gene. Twenty one sequences of 
representative strains of all genera of Anaplasmataceae were selected. The Clustal W algorithm was used to compare these 21 sequences in pairs and 
to calculate the genetic distance between them. The values on the upper right are the corrected levels of nucleotide identities for 1,390 bases.
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similar clinical symptoms, such as fever, chills, headache, dizziness, 
myalgia, rash, eschar, and lymphadenopathy (Li et al., 2015; Lu et al., 
2019). A previous study showed that infections with A. bovis and 
A. capra in goats of Shaanxi Province were frequent in summer, 
perhaps because the vector ticks were more active in summer (Wang 
et al., 2021a). In this study, the prevalence of A. bovis and A. capra 
were 3.05 and 3.32%, respectively. Although there were not many 
A. bovis and A. capra found in this study, combined with previous 
studies in Shaanxi Province, A. bovis and A. capra have always 
existed in Shaanxi Province, suggesting that we should strengthen 
the investment in vector monitoring and control. Additionally, in 
Asia, the most important rickettsial disease for cattle is bovine 
anaplasmosis caused by A. marginale (Rodríguez et  al., 2009). 
A. marginale is a pathogen belonging to the Rickettsiales, which can 
cause progressive anemia in ruminants, resulting in huge economic 
losses (Kumar et  al., 2015). A study showed the presence of the 
disease in more than 50% of cattle sampled in tropical and 
subtropical regions of Mexico (Rodríguez et al., 2009). The main 
vectors of A. marginale were Dermacentor and Rhipicephalus ticks 
(Rodríguez et al., 2009). In this study, the DNA of A. marginale was 
detected for the first time in two Rh. Microplus (0.18%) collected in 
Zhenba County, Shaanxi Province, which proved the prevalence of 
A. marginale in Shaanxi Province. Zhenba County has both a 
subtropical climate and shows the presence of A. marginale, which 
reminds us that the health of cattle in this area might be facing the 
problem of A. marginale infection.

In recent decades, with the widespread use of laboratory 
diagnostic methods, the number of new Rickettsiales and their 
associated diseases has increased, and many bacteria that were 
previously considered non-pathogenic are now associated with 
human disease (Lu et al., 2017). For example, the first infection caused 
by Rickettsia parkeri was reported 70 years after it was first identified 
in Amblyomma maculatum ticks (Piotrowski and Rymaszewska, 
2020). Rickettsia slovaca was first isolated from Dermacentor 
marginatus ticks in Czechoslovakia, several years before the first 
human cases were reported (Piotrowski and Rymaszewska, 2020). 
And, in 2021, our research group found an emerging tick-borne 
pathogen, named as Ca. Ehrlichia erythraense, which is associated 
with human febrile illness discovered in the Dabieshan mountain area 

of China. The bacteria obtained from the ticks was described as 
Ehrlichia sp. JZT12 (Lu et al., 2023). In the present study, a putative 
novel Ehrlichia species closely related to E. chaffeensis was first 
identified by gene analysis of 16S rRNA in Ixodidae from Shaanxi 
Province. It was named Ehrlichia sp. Baoji96, which showed genetic 
similarities for the rrs, gltA, and groEL genes of 99.20% with 
E. chaffeensis strain Arkansas, 89.69% with Ehrlichia muris AS145, 
and 94.91% with Ehrlichia sp. NS101, respectively. In addition, the 
similarities of the rrs, gltA and groEL genes of Ehrlichia sp. Baoji96 
and Ehrlichia sp. JZT12 were 98.23, 84.24 and 91.39%, respectively. 
Further research is needed to determine whether this bacteria can 
cause disease in animals or humans.

5 Conclusion

In this study, we  detected Ixodidae parasitized on cattle and 
goats in warm temperate and subtropical areas of Shaanxi Province, 
and analyzed the prevalence and genetic diversity of SFGR, 
Anaplasma, and Ehrlichia species in Ixodidae in these regions. 
Shaanxi Province has a diverse terrain and climate, and we have 
made some new discoveries: A. marginale was detected for the first 
time in Rh. microplus collected in Zhenba County, and a novel 
Ehrlichia species closely related to E. chaffeensis was first identified 
in H. longicornis. For tick-borne diseases, tick prevention is the key 
to avoiding infection. Hence, continuous surveillance of Rickettsiales 
pathogens in Chinese ticks should be  conducted to assess the 
potential risk of transmission to animals and humans by colonizing 
species in disease-causing pathogens or vectors. This study provides 
a reference for the formulation of biological control strategies for 
ticks and tick-borne diseases in this area, and could improve the 
control effect.
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TABLE 2 Coinfection of Rickettsia, Anaplasma, and Ehrlichia in ticks in Shaanxi Province, China.

Ticks Coinfection with

Species County No. Rickettsia Anaplasma Ehrlichia

Haemaphysalis longicornis

Zhenba

1 Ca. R. jingxinensis E. sp. Yonaguni138

2 Ca. R. jingxinensis A. marginale

3 Ca. R. jingxinensis A. marginale

4 Ca. R. jingxinensis A. bovis

5 Ca. R. jingxinensis A. bovis

6 Ca. R. jingxinensis A. bovis

Baoji

7 Ca. R. jingxinensis A. bovis

8 Ca. R. jingxinensis A. bovis

9 Ca. R. jingxinensis A. capra

10 Ca. R. jingxinensis A. capra
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Introduction: Ticks are important blood-sucking ectoparasites that can transmit 
various pathogens, posing significant threats to the wellbeing of humans 
and livestock. Dabieshan tick virus (DBTV) was initially discovered in 2015 in 
Haemaphysalis longicornis ticks from the Dabieshan mountain region in Hubei 
Province, China. In recent years, DBTV has been discovered in various regions 
of China, including Shandong, Zhejiang, Liaoning, Hubei, Yunnan, and Guizhou 
Provinces. However, the researches on tick-borne transmission of DBTV are scarce.

Methods: This study utilized the small RNA sequencing (sRNA-seq) method to 
identify tick-associated viruses in ticks collected from Chengde in Hebei Province 
and Yongcheng in Henan Province, leading to the discovery of a new DBTV strain in 
Hebei. The complete coding genome of DBTV Hebei strain was obtained through 
RNA-seq and Sanger sequencing. Furthermore, the transmission experiment of 
DBTV in H. longicornis was examined in laboratory for the first time.

Results: DBTV was detected in newly molted adult H. longicornis ticks collected 
in Chengde, Hebei Province. Additionally, DBTV was also detected in both unfed 
nymphs and engorged females of H. longicornis collected from Chengde, with 
a positive rate of 20% and 56.25%, respectively. The complete coding genome 
of DBTV (OP682840 and OP716696) were obtained, and phylogenetic analysis 
revealed that the DBTV Hebei strain clustered with previously reported DBTV 
strains. Furthermore, this virus was observed in engorged females, eggs, and 
larvae of the subsequent generation.

Discussion: It is necessary to expand the scope of DBTV investigation, particularly 
in northern China. This study demonstrated that DBTV can be transmitted from 
engorged females to larvae of the next generation. Moreover, the detection of 
DBTV in unfed nymphs and adults (which moulted from engorged nymphs) 
collected from the filed of Chengde suggests that H. longicornis serves as a 
potential transmission host and reservoir for DBTV through transstadial and 
transovarial transmission. However, there remains a lack of research on the 
isolation and pathogenicity of DBTV, highlighting the need for further studies to 
mitigate potential harm to the health of animals and humans.
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Introduction

Ticks are important zoonotic ectoparasites that not only feed on 
blood but also carry viruses, bacteria, rickettsia, protozoa, and other 
pathogens, leading to the transmission of a variety of diseases (Chen 
and Yang, 2021). With economic development and the increasing 
human activity, tick-borne viruses (TBVs) are increasingly regarded as 
a major threat to the health of animals and humans (Contreras et al., 
2015). Since the first tick-borne virus that Louping ill virus was 
identified in 1918 (Stockman, 1919), more than 100 TBVs have been 
identified and classified into two orders, nine families, at least 12 
genera, as well as some unassigned TBVs (Shi et al., 2018). With the 
reduction of the cost of high-throughput sequencing and the upgrade 
of high-throughput data analysis software, metatranscriptomic (meta-
virome) is widely used to detect TBVs. Consequently, numerous novel 
viral sequences have been discovered and described in ticks worldwide 
in recent years (Damian et al., 2020). However, it is important to note 
that while these viruses are found in ticks, they may originate from the 
host blood, so they should be called tick carry viruses (Migné et al., 
2022). Tick-borne viruses differ from tick carry viruses in that can 
replicate in host cells and tick cells. To determine a specific tick species 
as a transmission vector of a tick-borne virus, it is necessary to confirm 
that ticks can be infected with the virus from the bloodmeal, and that 
the virus can persist in tick tissues and be  transmitted to the next 
developmental stage. Additionally, ticks can transmit the virus to host 
animals during the parasitic stage (Nuttall, 2009). In recent years, some 
transmission experiments have shown that Haemaphysalis longicornis 
may be  a competent vector for some deadly viral pathogens. 
Haemaphysalis longicornis maintains and transmits severe fever with 
thrombocytopenia syndrome virus (SFTSV), which is an effective 
carrier for transmitting this virus in transovarial and transstadial 
modes (Zhuang et al., 2018). In 2022, it was reported that Heartland 
virus (HRTV) can infect H. longicornis after microinjection under 
laboratory conditions, and be  transmitted vertically through eggs 
(Raney et al., 2022). Mice can be employed as a basis for forming direct 
tick infection or as a model for the secondary evaluation of these and 
other feasible natural vertebrate host candidates for HRTV 
transmission (Bosco-Lauth et al., 2016). Furthermore, studies have 
shown successful infection of adult H. longicornis with Langat virus 
(LGTV) which was successfully transmitted to susceptible mice.

Dabieshan Tick Virus (DBTV) was initially discovered in 2015 in 
H. longicornis ticks from Dabieshan mountain region in Hubei 
Province, China (Li et al., 2015). This tick-associated virus is a member 
of the genus Uukuvirus within the family Phenuiviridae of the order 
Bunyavirales. Most of the viruses in the Uukuvirus genus were newly 
identified, such as Yongjia virus and Pacific coast tick virus. Their 
potential threat to humans and livestock is still unclear. However, in 
2019, Tacheng tick virus 2 (TCTV-2) was detected in humans, causing 
fever, headache, and multiple clinical symptoms in China (Dong et al., 
2021). The RNA genome of DBTV consists of two segments: small (S) 
and large (L) segments. The L segment encodes the virus 
RNA-dependent RNA polymerase, and the S segment encodes 
nucleocapsid protein (N) and nonstructural protein (NSs) (Bouloy and 
Weber, 2010). As of now, the full-length coding genomes of the L and 

S segments of the DBTV have been published. In recent years, DBTV 
has been discovered in various regions of China, including Shandong 
(Shao et al., 2021), Zhejiang (He et al., 2022), Liaoning (Yang et al., 
2021), Hubei, Yunnan, and Guizhou Provinces (Wang et al., 2021). 
Epidemiological investigations have shown that DBTV is widely 
disseminated in Linyi, Tai’an, Weifang, Yantai (Ma et al., 2022), and 
Rizhao city of Shandong Province (Shao et al., 2020) and phylogenetic 
analysis revealed distinct lineages of DBTV (Ma et  al., 2022). The 
results of PCR showed that the prevalence rate of DBTV was 30.3% in 
Zhoushan of Zhejiang Province (Zhu et al., 2020). Furthermore, the L 
segment of Dabieshan Tick Virus, DBTV was detected in H. longicornis 
ticks collected in South Korea in 2021 by high-throughput sequencing 
technique (Pérez-Sautu et al., 2021). In 2023, a survey by qRT-PCR of 
tick-associated pathogens found that DBTV exists in both larvae and 
adults of H. longicornis ticks in Cape Toi, Japan with a positive rate of 
37.0 and 23%, respectively (Mekata et al., 2023). Other tick species such 
as Rhipicephalus microplus and R. haemaphysaloides, have also been 
discovered to carry DBTV (Ma et al., 2022). However, researchers have 
failed to isolate DBTV from positive tick sample (Wang et al., 2021). 
The available literature shows that research on ticks in DBTV 
transmission is scarce.

In 2009, Kreuze developed a virus detection technology based on 
small RNA (sRNA) deep sequencing (Kreuze et  al., 2009). This 
method has been successfully applied to detect Rickettsia, Coxiella, 
and Aspergillus in wild H. longicornis ticks (Zhuang et al., 2014). Our 
previous study has also demonstrated the reliability and sensitivity of 
sRNA-seq in detecting tick-associated viruses, and founded Mogiana 
tick virus in Amblyomma testudinarium ticks (Xu et al., 2020). In this 
study, sRNA-seq method was used to detect the presence of tick-
associated viruses in H. longicornis ticks collected from Chengde of 
Hebei Province and Yongcheng of Henan Province. Additionally, 
PCR amplification was used to examine the eggs and larvae of DBTV-
infected ticks in a laboratory setting, aiming to elucidate the 
transmission dynamics of DBTV in H. longicornis.

Materials and methods

Tick collection and identification

Free-living ticks on vegetation were collected by dragging flags, 
and parasitic ticks were collected from sheep by using tweezers. The 
morphological features of ticks were examined under a 
stereomicroscope morphologically, following to a reference book 
(Chen and Yang, 2021). Engorged nymphs of H. longicornis ticks were 
collected from sheep (Ovis aries) in Chengde, Hebei Province in 2021. 
The engorged nymphs were placed in a climatic incubator [(25 ± 1°C), 
90% RH, 12 h daylight] in the laboratory and molted to adults. In 
2022, unfed adult H. longicornis ticks were collected from Yongcheng 
in Henan Province. Additionally, bloated blood-filled adult ticks of 
H. longicornis were collected from sheep, and the unfed nymphs were 
collected from vegetation in Chengde, Hebei province. Blood-filled 
adult H. longicornis ticks collected in Chengde, Hebei Province were 
placed in a climate incubator to lay eggs, which then hatched into 
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larvae. Furthermore, newly molted adult ticks, bloated blood-filled 
adult ticks, eggs and larvae of H. longicornis from Chengde were 
utilized for further research. All sample information in this study is 
available in Supplementary Table 1.

RNA extraction and DBTV detection by 
RNA-seq

Ticks were frozen in liquid nitrogen or stored at −80°C until total 
RNA was extracted. The total RNA was extracted by RNAiso Plus* 
(Takara, Code No.9109). Subsequently, the quality and quantity of total 
RNA were assessed using Agilent 2000 Bioanalyzer and Agarose gel 
electrophoresis. The RNA samples were then sent to BGI-Wuhan, 
China for sRNA sequencing using HiSeq 2500 platform of Illumina. 
According to the guidelines for building the sRNA library provided by 
Illumina, the special reagent Ribo-Zero-Gold (Human-Mouse-Rat) Kit 
(Illumina) was used to remove ribosomal RNA. The sequencing 
strategy was Single-end (50 bp) of each small RNA library. Raw data 
assessment and quality control were performed using the software 
FASTQC (v0.11.5). Adapter and other illumina-specific sequences 
were removed and low-quality reads were filtered using the software 
Trimmomatic (Version 0.32). The detection of DBTV was performed 
by using pipeline VirusDetect1 software package (Zheng et al., 2017). 
Genome coverage was calculated as the proportion of positions covered 
by reads divided by the length of the genome, while average depth was 
determined by dividing the total number of base pairs in aligned reads 
by the number of read-covered positions in the reference genome. 
Statistical calculations and drawings were performed using R v4.3.2 
software and the Bioconductor package.

1 http://bioinfo.bti.cornell.edu/tool/VirusDetect/

DBTV complete coding genome 
acquisition and phylogenetic analysis of 
DBTV

The small RNA sequence were mapped to the reference genome 
of DBTV Dabieshan strain (KM817666 and KM817733) by BWA (Li 
and Durbin, 2009). The .sam file generated by BWA was converted to 
a .pileup file using SAMtools (Danecek et al., 2021). A perl script was 
used to obtain sequences that are consistent with the reference 
genome. Four pairs of specific primers were designed for PCR 
amplification to fill the gaps in the sequence (Supplementary Table 2). 
Then, according to the latest Virus Metadata Resource (VMR) released 
by International Committee on Taxonomy of Viruses (ICTV) 2023, 
several viruses of Bunyavirales were downloaded from NCBI. All 
sequences were aligned using BioEdit 7.0 software. To determine the 
phylogenetic status of DBTV Hebei strain, a phylogenetic tree was 
constructed based on polymorphisms from the L and S segments of 
the DBTV and some other viruses in Bunyavirales (Figure 1). The rate 
of evolutionary divergence between sequences was modeled with a 
gamma distribution (shape parameter = 1). MEGA 11 was also used 
to build Maximum-Likelihood (ML) trees (Koichiro et al., 2021). The 
L and S segments were analyzed with GTR + G + I and K2 + G 
models, respectively. The bootstrap values were calculated from 
1,000 replicates.

Detection of DBTV transmission in 
Haemaphysalis longicornis by PCR

RNA from female ticks that survived after 7 days of oviposition, 
eggs and larvae were extracted using Trizol, respectively. RNA was 
extracted from 200 free-living nymphs of H. longicornis collected on 
vegetation in Chengde, of which 20 individuals were taken as a 
sample. All RNA was reverse transcribed into cDNA using the 

FIGURE 1

Phylogenetic analysis Dabieshan Tick Virus Hebei strain. Maximum Likelihood phylogenetic trees were build based on a 6,182  bp nucleotide sequence 
of the L segment (A) and a 993  bp nucleotide sequence of the S segment (B).
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RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Code 
No. K1622). Primer sets DBSV-F (AGG ATG TGG AGC CAG TGA 
TC) and DBSV-R (ATC TGG TCC TGG AAG TGC TC) were 
designed to detect DBTV in ticks by PCR amplification. The PCR 
reaction mixture was incubated at 95°C for 1 min, followed by 35 PCR 
cycles (30 s at 95°C, 30 s at 55°C, and 20 s at 72°C for each cycle). In 
order to confirm the positive samples, the PCR amplification products 
were recovered by Wizard® SV Gel and PCR Clean-Up System 
(Promega, Code No. A9281) and subsequent sequencing.

Results

Tick collection and DBTV detection by 
RNA-seq

The ticks were morphologically identified as H. longicornis ticks 
in this study. The RNA of 27 newly molted adult H. longicornis ticks 
collected in Chengde and 44 unfed adult ticks in Yongcheng was 
extracted and subjected to library construction and small RNA 
sequencing, respectively. The raw data generated from high-
throughput sequencing were uploaded to the NCBI Sequence Read 
Archive database (SAMN27533436). VirusDetect results revealed that 
recently molted adult H. longicornis ticks collected from Chengde, 

Hebei Province were infected with DBTV. The sRNA-seq analysis of 
this DBTV Hebei strain revealed that 95.67% of RNA-dependent RNA 
polymerase protein gene of DBTV Dabieshan strain (KM817666.1) 
was covered with an average depth of 309.8. Furthermore, 46.6% of 
the nucleopasid protein and nonstructural protein genes of DBTV 
Dabieshan strain (KM817733.1) were covered with an average depth 
of 18.0 (Figure  2A). However, the virus was not detected in 
H. longicornis collected from Yongcheng City (Figure 2B).

Complete coding genome and 
phylogenetic analysis of DBTV Hebei strain

The small RNA data were mapped to the reference genomes of DBTV 
Dabieshan strain (KM817666.1, KM817733.1) using the BWA software. 
The sRNA sequencing results were combined with the results of Sanger 
sequencing to obtain the complete coding genome of DBTV Hebei strain. 
The L and S segments of DBTV Hebei strain, with lengths of 6,549 and 
1,789 bp were submitted to the NCBI GenBank database with project 
accession numbers OP682840 and OP716696, respectively. Nucleotide-
level nucleic acid sequence alignment revealed that DBTV Hebei strain 
and DBTV Dabieshan strain (KM817666.1) showed 95.79% identity in 
the L segment, with the highest identity of 99.69% observed in DBTV 
Liaoning strain (ON812325.1). DBTV Hebei strain and DBTV Dabieshan 

FIGURE 2

Genome coverage of the Dabieshan Tick Virus Hebei strain. The y-axis displays the read-counts for each position on the genome, while the x-axis 
shows the positions on the reference genome of the DBTV strain Hubei (GenBank: KM817666.1, KM817733.1). (A) Haemaphysalis longicornis ticks from 
Chengde, Hebei Province were used to produce the sRNA-seq data. (B). Haemaphysalis longicornis ticks from Yongcheng, Henan Province were used 
to produce the sRNA-seq data for negative control.
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strain (KM817733.1) showed 94.31% identity in the S segment, with the 
highest identity of 94.53% observed in DBTV Shandong strain 
(MT413431.1). The results of the genetic distance analysis of the L and S 
sequences are shown in Tables 1, 2. Among them, the genetic distance 
between Hebei strain and Liaoning strain (ON812325.1) of L fragment is 
the smallest, which is 0.0031, and the genetic distance between Hebei 
strain and other strains is 0.0369–0.0434. Regarding the S segment, the 
genetic distance between the DBTV Hebei strain and other strains (no 
record of Liaoning strain) was 0.0255–0.0328. Phylogenetic analysis 
revealed that the Hebei strain of DBTV, along with previously reported 
DBTV strains, could be classified into the same cluster. Furthermore, the 
phylogenetic analysis of the L segment indicated that the DBTV Hebei 
strain grouped together with the Liaoning strain (Figure 1A).

DBTV transmission in Haemaphysalis 
longicornis

In May 2022, 16 engorged female H. longicornis ticks were collected 
from sheep in Chengde City, Hebei Province, and 200 free-living nymphs 
of H. longicornis were collected from the vegetation of the same pastures 
in August that year. Two hundred free-living nymphs of H. longicornis 
divided into 10 pools for detection. PCR result showed that two out of 
the 10 pools tested positive for DBTV. PCR amplification and Sanger 
sequencing revealed that nine out of 16 females tested positive for DBTV 
with 56.25% positive rate. Under controlled laboratory conditions, 14 out 
of 16 female ticks produced eggs. Six pools of eggs were laid by seven 
DBTV-negative female ticks, resulting in the hatching of larvae with a 
hatch rate of 83.33%. All eggs laid by the seven DBTV-infected female 
ticks tested positive for the virus. However, only two out of seven egg 

clutches successfully hatched into larvae, resulting in a hatch rate of 
28.5%. Further analysis showed that only one next generation of larvae 
pool carried DBTV (Table 3). The infection rate in the offspring of 
DBTV-negative female ticks was 0% and the infection rate in the 
offspring of DBTV-infected female ticks was 14.28%.

Discussion

In this research, Dabieshan Tick Virus was identified from adult 
H. longicornis ticks collected in Chengde, Hebei province of China by 
high-throughput small RNA sequencing (Figure 2). Since its initial 
detection in Hubei Province in 2015, this virus has been discovered in 
five other provinces of China (Shao et al., 2020; Zhu et al., 2020; Wang 
et al., 2021; Yang et al., 2021). Additionally, neighboring countries 
such as South Korea and Japan have reported identifying the virus in 
2021 and 2023, respectively (Li et al., 2015; Pérez-Sautu et al., 2021; 
Mekata et al., 2023). It is worth noting that all studies reporting DBTV 
positivity are related to H. longicornis, which is consistent with the 
results of this study. Haemaphysalis longicornis is capable of 
parasitizing certain avian species, particularly migratory birds (Pandey 
et al., 2022), which suggests that these ticks may contribute to the 
transmission of both this virus and other tick-borne viruses over long 
distances. This study reveals that H. longicornis ticks detected positive 
for DBTV in a village located in Chengde City, Hebei Province.

Chengde city neighbors Liaoning province and is separated by the 
Yanshan mountain range. DBTV Hebei strain L segment nucleic acid 
with the highest identity of 99.69% was observed in the DBTV Liaoning 
strain (ON812325.1). Moreover, the analysis of the genetic distance of 
the L fragment demonstrated that the genetic distance between the 

TABLE 1 Distance values based on the DBTV L segment sequences between various strains analyzed in this study.

Virus strain 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1. OP682840.1 DBTV Hebei strain

2.  ON812325.1 DBTV Liaoning 

strain

0.0031

3.  MW334981.1 DBTV Liaoning 

strain

0.0430 0.0425

4.  KM817666.1 DBTV Dabieshan 

strain

0.0425 0.0420 0.0158

5.  MW721891.1 DBTV 

Huanggang strain

0.0403 0.0398 0.0128 0.0145

6.  MN723843.1 DBTVstrain 

Zhoushan

0.0420 0.0424 0.0158 0.0129 0.0141

7.  MT413430.1 DBTV Shandong 

strain

0.0369 0.0367 0.0088 0.0094 0.0075 0.0090

8. OM368030.1 DBTV Taian strain 0.0415 0.0413 0.0145 0.0153 0.0122 0.0158 0.0075

9.  OM368050.1 DBTV Weifang 

strain

0.0410 0.0412 0.0136 0.0107 0.0126 0.0107 0.0065 0.0136

10.  OM368052.1 DBTV Rizhao 

strain

0.0419 0.0413 0.0121 0.0141 0.0071 0.0138 0.0075 0.0122 0.0119

11. OM368057.1 DBTV Linyi strain 0.0395 0.0390 0.0116 0.0136 0.0056 0.0133 0.0066 0.0117 0.0114 0.0053

12. LC753173.1 DBTV Japan strain 0.0434 0.0432 0.0155 0.0116 0.0131 0.0119 0.0087 0.0155 0.0104 0.0131 0.0126

13.  NC_055434.1 Norway 

phlebovirus 1

0.5434 0.5434 0.5444 0.5456 0.5436 0.5444 0.5442 0.5453 0.5454 0.5447 0.5439 0.5453

14. NC_018136.1 SFTS virus 0.5264 0.5265 0.5248 0.5245 0.5253 0.5260 0.5242 0.5247 0.5255 0.5253 0.5248 0.5240 0.5687
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DBTV Hebei strain and the Liaoning strain (ON812325.1) was notably 
insignificant in comparison to the genetic distance between these strains 
and other local strains from Japan, Shandong, and elsewhere (Table 1). 
This finding implies potential correlation between virus transmission 
and infection in these two regions, which could be attributed to either 
wildlife activities or other factors. Apart from the Liaoning strain, 
Tables 1, 2 display that the genetic distance between the DBTV Hebei 
strain and the DBTV Shandong strain is the smallest. The phylogenetic 
trees constructed from the L and S segments indicated that, compared 
to other related viruses, the DBTV Hebei strain clustered with other 
DBTV strains. These findings are consistent with other studies (Ma 
et al., 2022). However, there is no observed correlation between these 
groups and their geographical distribution. Further research should 
be  warranted to investigate the mechanisms underlying the 
differentiation between these distinct groups. It is imperative to enhance 
the monitoring and investigation of DBTV to gain a comprehensive 
understanding of its spread and evolution, which will provide a more 
scientific basis for prevention, control, and treatment.

Furthermore, we observed a significant difference in hatching rates 
between DBTV positive infected eggs (28.57%) and DTBV negative 
eggs (83.33%) during the transmission experiment of DTBV in 
H. longicornis. It is generally known that tick-borne virues (TBVs) do 
not have discernible adverse effects on the rates of oviposition, hatching, 
feeding in tick vectors (Sonenshine, 2014). However, some feeding 
experiments have found increased mortality rates in adult Ornithodoros 
ticks fed on African swine fever virus -infected bloodmeal compared to 
ticks fed on uninfected bloodmeal (Hess et al., 1989; Rennie et al., 2000). 

In our study, the ticks used were acquired during their parasitic stage 
and were not completely engorged. Some study demonstrated a 
markedly positive correlation between the weight of the engorged 
female and the quantity of egg masses laid (Chen et al., 2012). This 
suggests that the number of eggs produced by female ticks in this study 
was limited, and half of them are employed for RNA extraction, 
potentially affecting their hatching capacity. Although the oviposition 
rate and hatching rate of ticks infected with DBTV were found to be low 
in this study, it remains unclear whether these rates were affected by the 
virus. Regrettably, we were unsuccessful in feeding the DBTV positive 
larvae of H. longicornis to the subsequent generation. To validate the 
impact of DBTV on both tick and its host, it is imperative to broaden 
the DBTV positive population of H. longicornis and conduct a 
comprehensive life history analysis in the upcoming investigation.

The positivity rate of DBTV in adult H. longicornis ticks obtained 
from Ovis aries in 2022 was 56.25%, which was significantly higher 
than that of H. longicornis ticks in grass (20%), as reported in 
Shandong (Shao et al., 2021), Zhoushan (Zhu et al., 2020), and Japan 
(Mekata et al., 2023). The high positivity rate may be attributed to tick 
aggregation or co-feeding transmission between ticks (Johnstone-
Robertson et al., 2020), resulting in an increased prevalence among 
full-blood female H. longicornis tick samples.

Dabieshan Tick Virus was identified in newly molted adult 
H. longicornis through small RNA sequencing, suggesting that the 
virus can be transmitted from nymphs to adults and that there is a 
possibility of transstadial transmission. Furthermore, the hungry 
nymph we collected from the grass at the same site was positive for 

TABLE 2 Distance values based on the DBTV S segment sequences between various strains analyzed in this study.

Virus strain 1 2 3 4 5 6 7 8 9 10 11 12

1. OP716696.1 DBTV Hebei strain

2. KM817733.1 DBTV Dabieshan strain 0.0279

3. MW721902.1 DBTV Huanggang strain 0.0267 0.0073

4. MN723842.1 DBTV Zhoushan strain 0.0279 0.0049 0.0073

5. MT413431.1 DBTV Shandong strain 0.0255 0.0073 0.0085 0.0073

6. OM367999.1 DBTV Taian strain 0.0328 0.0109 0.0146 0.0133 0.0097

7. OM368020.1 DBTV Weifang strain 0.0255 0.0024 0.0049 0.0024 0.0049 0.0109

8. OM368019.1 DBTV Rizhao strain 0.0291 0.0061 0.0085 0.0061 0.0085 0.0146 0.0036

9. OM368025.1 DBTV Linyi strain 0.0279 0.0061 0.0036 0.0061 0.0073 0.0133 0.0036 0.0073

10. LC753194.1 DBTV Japan strain 0.0255 0.0024 0.0049 0.0024 0.0049 0.0109 0.0000 0.0036 0.0036

11. NC 055433.1 Norway phlebovirus 1 0.5825 0.5898 0.5922 0.5898 0.5886 0.5874 0.5910 0.5947 0.5922 0.5910

12. NC 018137.1 SFTS virus 0.5837 0.5874 0.5850 0.5862 0.5862 0.5850 0.5862 0.5886 0.5837 0.5862 0.5910

TABLE 3 PCR test results of DBTV in Haemaphysalis longicornis collected from Chengde, Hebei Province.

Stage Pools number and results

Engorged adult 

female

A1 A2–A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16

+ − + − + + + + + − + +

Egg pool E1 E2–E6 E7 E8 E9 E10 E11 E12 E13 E14 / /

+ − + − + + + + + / /

Larva pool / L2–L6 L7 L8 L9 / / / / / / /

/ − − − + / / / / / / /

“+” and “−” means positive and negative, respectively; “/” means a lack of samples and test result.
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DBTV, indicating that the virus can spread from larvae to nymphs. In 
the follow-up study, the presence of DBTV in female ticks, as well as 
their eggs and larvae (Table  3), provides additional evidence 
supporting the virus’s transovarial and transstadial transmission 
potential within H. longicornis. Based on the discovery that DBTV 
RNA is commonly found in Shandong sheep, with a prevalence rate 
of approximately 10% (Shao et al., 2021). Combining all the above 
experimental results, we  inferred that ticks serve as a vector for 
transmitting DBTV to host animals (sheep), thus completing the cycle 
between ticks and livestock in the natural focus of Chengde (Figure 3). 
The vertical transmission of DBTV in H. longicornis makes virus long 
lasting in the host and extends the transmission route of the virus. 
Recombination events have been shown to occur in Bunyavirales in 
both co-infected cell cultures and arthropod hosts (Mhamadi et al., 
2023), which may influence the evolution of direction and 
transmission capability of the viruses (Gerrard et  al., 2004). The 
transmission of DBTV through eggs will lead to the formation of a 
stable population of the virus in H. longicornis, which will increase the 
probability of virus recombination and reassortment. We  need to 
strengthen the monitoring and management of vector animals, such 
as the H. longicornis, as well as the research and analysis of viral 
genomes to understand the patterns and effects of these changes.

Conclusion

Our research discovered DBTV in Chengde, Hebei Province for the 
first time, providing valuable epidemiological data on its distribution. 
We also suggested that H. longicornis might be the vector and reservoir 

host of DBTV, further supporting the hypothesis that DBTV is a tick-
borne virus. However, there is still a deficiency of the research surrounding 
the isolation and pathogenicity of DBTV, highlighting the need for further 
studies to prevent potential harm to the health of animals and humans.
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Tick-borne Rickettsia,

Anaplasma, Theileria, and
enzootic nasal tumor virus in
ruminant, PET, and poultry
animals in Pakistan

Anjum Jamil1, Ze Yu1†, Yuxin Wang1†, Qing Xin1, Shan Gao2,

Muhammad Abdul Wahab3, Xiaohu Han1* and Zeliang Chen1,2*
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University, Shenyang, China, 2Department of Epidemiology, School of Public Health, Sun Yat-sun
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Introduction: Pakistan is an agricultural country; most of its income is based

on livestock rearing. The increasing prevalence of tick-borne pathogens among

animals may a�ect the animal production and livelihood of owners, which

eventually derange the economy of a country.

Methodology: To further comprehend TBPs, 213 ticks were collected from

di�erent animals, including ruminants, pets, and poultry. After molecular and

phylogenetic analysis identification, ticks were managed into di�erent pools

based on their species level (Hyalomma anatolicum = 80, Rhipicephalus

microplus = 35, Hyalomma scupense = 23, Rhipicephalus turanicus = 70, and

Rhipicephalus sanguineus = 5).

Results and discussion: After tick species identification, further molecular PCR

amplification was carried out to screen out the pathogens for the presence

of Theileria, Rickettsia, Anaplasma, and enzootic nasal tumor virus (ENTV). The

following pathogens were detected: 11 (5.16%) for Anaplasma, 1 (0.47%) for

Rickettsia, and 9 (4.23%) for Theileria. Nevertheless, other TBPs that had not been

reported so far in Pakistan 3 (1.41%), were positive for enzootic nasal tumor

virus (ENTV). Besides, phylogenetic analysis of the enzootic nasal tumor virus

(ENTV) strain confirmed its resemblance to the Chinese strain, while Anaplasma

has comparability with Pakistan and China, Rickettsia with Pakistan, China, and

Iran, and Theileria with India, South Africa, United States, Japan, and Spain.

Conclusion: This study reveals that there is a considerably wider range of

TBPs held in Pakistan that take in various contagious zoonotic pathogens than

was previously thought. This information advances TBP epidemiology and will

contribute to upgrade future control measure.

KEYWORDS

enzootic nasal tumor virus (ENTVs), Theileria, Anaplasma, Rickettsia, TBPs

1 Introduction

Pakistan is an agricultural country with a profitable environment for the production of
livestock. Various livestock species are sheep, goats, cattle, and buffalo, with populations
of 28.8, 64.9, 38.3, and 33.7 million, respectively. Sheep play a pivotal role in the dairy
sector in Pakistan, following China and India, which have consequential goat and sheep-
raising sectors. The financial results of bringing up livestock in Pakistan fail to achieve
their maximum potential (Jabbar et al., 2015). Among the vector-borne diseases, the
more bonafide complications emanate due to tick-borne disease, which is prevalent in the
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world and may lead to severe complications. It has been reported
that about 1 million deaths are observed annually due to tick-
borne pathogens (WHO, 2014). Ticks are an immense source of
spreading zoonotic diseases such as tularemia, tick-borne relapsing
fever, RockyMountain spotted fever, anaplasmosis, and ehrlichiosis
(Bratton and Corey, 2005; Hussain N. et al., 2023). Developing
countries like tropical and subtropical countries are in consensus
due to TBDs exerting economic challenges on the worldwide
livestock sector. Piroplasmosis is the protozoal disease caused
by Babesia and Theileria, although anaplasmosis and rickettsiosis
are caused by Anaplasma and Rickettsia, respectively, and have
consequential prestige in the dairy sector. Ruminants are highly
vulnerable to tick-borne pathogens. The most commonly reported
diseases are anaplasmosis, theileriosis, and piroplasmosis, which
affect the reproductive status of the livestock population (Saeed
et al., 2015; Sajid et al., 2017; Khan et al., 2022).

ENA is a tumor of sheep and goats, and it is chronic and
contagious in nature. It is summarized as the proliferation and
thickening of the lining of secretory epithelial cells in the nasal
cavity (De las Heras et al., 2003; Svara et al., 2006; Özmen et al.,
2010). This tumor is caused by ENTV, a retrovirus, an enzootic
nasal tumor virus in small ruminants (Leroux and Mornex, 2008).
The retroviruses are highly complicated in structure and are mostly
RNA viruses, which are distributed in various vertebrate and non-
vertebrate species. Some instances include the small ruminant
jaagsiekte sheep retrovirus (JSRV), lentiviruses, and the most
contagious ENTV, which cause infections in sheep and goats.
ENA was first reported in Germany in 1939 and, in due course,
proclaimed in all major livestock farming sectors, especially sheep
and goat rearing sites (De las Heras et al., 1995). The tumor is
widespread globally and has been identified across many countries,
particularly in Turkey, in recent years (Özmen and Serpin, 2016).
Pathogenesis of ENTV is similar to another tumor-causing beta
retrovirus, JSRV, which causes respiratory issues such as pulmonary
adenocarcinoma in sheep and goats (Monot et al., 2015). Both
ENTVs have two types in nature: ENTV 1 affects goats and ENTV
2 affects sheep. Both have drastic effects and may cause severe
complications (Cousens et al., 1999; Ortín et al., 2003; Bratton and
Corey, 2005; WHO, 2014), such as depression, anorexia, exudative
nasal discharge with bleeding, and difficulty breathing may lead to
stretching the neck, eventually facial complications, and even death
due to chronic respiratory blockage (De las Heras et al., 1995;Walsh
et al., 2013).

Pakistan’s subtropical geography provides a perfect
environment for the growth and proliferation of tick populations,
which are significant testimony to hemoparasitic diseases. Various
tick species, particularly Boophilus, Ixodidae, Hyalomma, and
Rhipicephalus, have a consequence role in imparting hemoparasitic
diseases (Eshetu, 2015), with Hyalomma species being the most
abundant in Pakistan (Atif et al., 2012).

Most etiological surveys diligently use conventional standard
methods, such as reviewing stained blood smears under a
microscope. Regardless of its affordability, this approach requires
technical proficiency and may lack specificity when addressing
morphologically similar TBPs that coexist. In addition, its
sensitivity is limited in cases of low parasitemia. To date, there
has been no confirmation of tick-borne ENTV in Pakistan. Prior
research was defined to certain geographic areas and overlooked

to contemplate agroecological areas, methods of production, and
sample strategies. These factors can greatly impact the solidity of
estimates of the prevalence of diseases transmitted via ticks. The
lack of accurate data on the epidemiology of tick-borne diseases
(TBDs) makes it difficult to map current affluence as well as the
distribution of tick-borne pathogens (TBPs) in Pakistan.

This study made an effort to locate the tick-borne pathogens
circulating in Pakistan due to the limited molecular diagnostic-
based information available on their epidemiology. Our results
suggest the prevalence of Anaplasma, Theileria, and Rickettsia

among livestock populations in Pakistan. Furthermore, we reported
ENTV for the first time from ticks of sheep and goats, where
small ruminant farming is highly pronounced. These findings
may expedite the development of various productive strategies for
controlling TBDs in Pakistan.

2 Materials and methods

2.1 Study area

To expedite the ticks collection, 13 districts were selected
based on livestock population, including Sahiwal (30.677717◦

N, 73.6245232’◦E), Okara (30.8138◦N, 73.4534◦E), Faisalabad
(31.4504◦ N, 73.1350◦ E), Pakpattan (30.34314◦ N, 73.38944◦ E),
Kabola (30.1763◦ N, 73.0700◦ E), Lodhran (29.5339◦ N, 71.63244◦

E),Mianwali (32.5839◦ N, 71.5370◦ E) of Punjab, Karachi (24.8607◦

N, 67.0011◦ E), Hyderabad (17.4065◦ N, 78.4772◦ E), Nawabshah
(36.2447◦ N, 68.3935◦ E) of Sindh, Bagh (33.9794◦ N, 73.7772◦

E), and Mirpur (33.1480◦ N, 73.7537◦ E) of Kashmir and Quetta
(30.1798◦ N, 66.9750◦ E) of Balochistan from Pakistan. The average
temperature of Punjab districts is 5–15◦C and 40–50◦C, while the
Sindh districts are 10–20◦C and 30–50◦C. In the case of Balochistan
districts, 25–35◦C and 5–18◦C, and in Kashmir districts, 10–20◦C
and 2–15◦C in winter and summer seasons, respectively. Tick
specimens were collected from a variety of hosts that were present
in easily accessible areas of the research location. Using a Global
Positioning System (GPS), Figure 1 illustrates the location and
distribution of the study area.

2.2 Study design

A cross-sectional research investigation was conducted to
explore the prevalence and geographic distribution of ticks
infesting ruminant species on livestock farms. The sample size
was calculated based on substantial populations, considering a
prevalence of 50% with a 95% confidence level and a desired
precision of 10%. At least 70 dairy farms need to be sampled
according to this data processing (Jabbar et al., 2015). The number
of animal farms was raised to 105, based on the administrative
units. In the initial phase, five districts, which accounted for 25% of
the total 32 districts, were chosen. Figure 2 shows the district and
its relevant villages for tick sampling and pathogen burden.
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FIGURE 1

Location and distribution of the study area.

2.3 Tick collection

Tick surveys were conducted on domestic animals in 2021–
2022. Tick samples were collected during the tick active period
of March–May and August–October. In a simple cross-sectional
survey, we studied goats (n = 51), sheep (n = 44), cattle (n = 43),
buffalo (n = 46), poultry (n = 5), dogs (n = 21), and cats (n =

3) among domestic animals. The assessed animals were traditional
livestock from nomadic and local small farms with varied housing
systems and had never been vaccinated or parasitized. The animals’
ears, udder, scrotum, tail base, neck, and chest were checked for
ticks. Ticks on small and large ruminants took 3–5 and 7–15min to
be found, respectively. All ticks were placed in 2ml vials. For further
laboratory work, ticks were preserved at −80◦C. Ticks specimens
were collected in glass vials with 70% ethyl alcohol and taken to the
parasitology lab for identification. Morphological keys identify tick
species under a stereomicroscope (Jamil et al., 2023).

2.4 Tick genomic DNA extraction

After the preservation of ticks, further tick DNA was extracted
from morphologically recognized ticks (20 per species). The ticks
were taken and dissected horizontally into segments for sample
analysis. The tick sample was cut into six different sections and
placed in a Falcon tube filled with RNA-free water for extraction.
The tick fragments were washed three times with RNA-free water.
Tick specimens of each species were cut into pieces using a new

scalpel blade and then placed in a 1.5-ml microcentrifuge tube for
DNA extraction using the manufacturer’s kit instructions.

2.5 Polymerase chain reaction for 16s
rRNA amplification

After DNA extraction, further PCR amplification was
carried out by amplifying the ∼460-bp fragment of the 16S
rRNA gene by managing with a set of primers (forward) 5

′

-
CTGCTCAATGATTTTTTAAATTGCTGTGG-3

′

and (reverse)
5
′

-CCGGTCTGAACTCAGATCAAGT-3
′

. PCR reactions were
performed in a 30-µl reaction mixture, including 2.5 µl of genomic
DNA, 1 µl of each primer (10 pmol), 10.5 µl of PCR grade water,
and 15 µl of master mix. PCR reactions were conducted with
the following parameters: initial denaturation at 95◦C for 5min,
followed by 40 cycles of denaturation at 95◦C for 45 s, annealing at
50◦C for 45 s, extension at 72◦C for 1min, and final extension at
72◦C for 5 min.

2.6 Gene amplification for detection of
Theileria, Rickettsia, Anaplasma, and ENTV

2.6.1 PCR amplification of Theileria
PCR amplification was implemented to ascertain the

Theileria in tick DNA, following base pair 426–430 of the
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FIGURE 2

Study design.

18S rRNA gene of Theileria, which was targeted through the
use of previously reported primers (Mwamuye et al., 2017):
(forward) 5′-CACAGGGAGGTAGTGACAAG-3′ and (reverse)

5′-AAGAATTTCACCTCTGACAG-3′. The master mixture for
the PCR volume mixture is composed of 25 µl (Taq polymerase
enzyme, 0.5 µl; PCR buffer, 2.5 µl; extracted DNA, about 3 µl;
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FIGURE 3

Molecular identification and phylogenetic analysis of ticks.

primers, 1 µl; double distilled H2O, 15 µl; dNTPs, 0.5 µl; and
MgCl2, 1 µl). After preparation of the volume, PCR amplifications
were performed with the following conditions: the first step of
initial denaturation lasted for 5min at 95◦C, followed by 30
cycles of denaturation lasting for 15 s at 95◦C, followed by primer
annealing lasting for around 15 s at 54◦C, and two extensions
lasted from 30 s at 72◦C to 5min at 72◦C.

2.6.2 PCR amplification of Anaplasma
A 309-base pair fragment from the 16S rRNA

gene of Anaplasma was targeted using previously
described primer sequences (Xu et al., 2011): (forward)
5′-GGTACCYACAGAAGAAGTCC-3′ and (reverse) 5′-
TAGCACTCATCGTTTACAGC-3′. After having a set of primers,
the volume of the master mixture and chemicals used are kept in
the same proportion as discussed in the Theileria section. After
making the volume, the PCR protocol was set up as follows:
initial denaturation was performed for 5min at 95◦C, followed by
denaturation for about 15 s at 95◦C, subsequently annealing for

primer lasted for 15 s at 54◦C, and finally, two extensions were
performed for 30 s at 72◦C and 5min at 72◦C.

2.6.3 PCR amplification of Rickettsia
To detect Rickettsia, conventional PCR primers targeting the

citrate synthase gene (gltA) of 1,178 bp were used (Xue et al., 2023).
The reaction mixture is composed of 25 µl (almost 1 µl of MgCl2,
0.5 µl of enzyme, 3 µl of extracted DNA, moreover, buffer 2.5 µl),
and dNTPs, primers, and double distilled H2O about 0.5, 1, and 15
µl used, respectively. For the PCR, the following protocols were set
up. An initial denaturation step lasted for 5min at 95◦C, 30 cycles
of denaturation at 95◦C for 30 s, primer annealing for 15 s at 50◦C,
extension for 37 s at 72◦C, and the final extension for 5min at 72◦C
and for ompB gene (Segura et al., 2023). The reaction consisted of
the same protocol as had been used for the citrate synthase gene
(gltA). After making volume, further PCR was performed with the
following conditions: initial denaturation step lasted for 5min at
95◦C, followed by 30 cycles of denaturation that persisted for 30 s at
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95◦C; primer annealing was performed for 30 s at 53◦C, and finally,
extension lasted for 37 s at 72◦C.

2.6.4 PCR amplification of enzootic nasal tumor
virus

To pinpoint an 832-bp fragment of ENTV from tick
DNA, primers with the subsequent sequences were designed
[(forward) 5′-CCTTGGTTCCCCAGAGAAGG-3′ and (reverse)
5′-TGGGTATTATARRCACGAGGA-3′]. The amplifications were
conducted in 25 µl with 15 µl of double distilled H2O, 1 µl of
primers, 0.5 µl of dNTPs, 2.5 µl of PCR buffer, 1 µl of MgCl2
0.5 µl of enzyme, and 3 µl DNA. After making volume, the next
step for PCR cycling was set up with the following protocol: initial
denaturation lasted about 5min at 95◦C, followed by 30 cycles with
the succeeding denaturation step for 15 s at 95◦C, primer annealing
for 15 s at 52◦C, and the final step extension for 60 s at 72◦C.

All the PCR products are kept at 4◦C. Then, the amplified
product was added to a 1.5% agarose gel from Biowest in
Shanghai, China, using 5 µl per sample. The bands were then
observed using a gel documentation system from JUNYI in
Beijing, China. Following purification with the QIAquick

R©
PCR

Purification Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s recommendations, the PCR-amplified products
were then transferred to Sangon Company (Guangzhou, China) for
Sanger sequencing.

2.7 Sequence and phylogenetic analyses

The generated sequences were edited in Geneious Prime
Software v.2022.01. BLAST was performed on isolated sequences,
and comparisons were done on various sequences that were
previously deposited in the GenBank. High similar sequences
were downloaded for further phylogenetic analysis. After that,
alignment was performed using CLUSTALX. Aligned sequences
were checked on the basis of their same length; gaps and extra
length were trimmed. Finally, after making manageable alignment,
the MEGA v.11.0 software was used for making phylogenetic trees
based on the maximum likelihood method (Swofford, 2003). The
bootstrap consensus tree inferred from 1,000 replicates (Swofford,
2003) was taken to represent the evolutionary history of the
taxa analyzed.

2.8 Data analysis

The data were subjected to analysis using the SPSS software
(version 16). The variables were compared using chi-squared,
Fisher’s exact, and logistic regression tests. A p < 0.05 was deemed
to be statistically significant.

2.9 Accession numbers

In the current research, different sequences were generated
and submitted to the GenBank for accession numbers. T
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TABLE 2 Positive rate of TBPs among districts and provinces.

Provinces Districts Samples to be
tasted

ENTV
Positive
among
districts

Anaplasma
Positive
among
districts

Theileria
positive
among
districts

Rickettsia
positive
among
districts

Total
positive

Sindh Nawab shah 19 3 (15.79%) 6 (31.58%) 3 (15.79%) 0 (0.00%) 12 (63.16%)

Karachi 33 0 (0.00%) 0 (0.00%) 2 (6.06%) 0 (0.00%) 2 (6.06%)

Hyderabad 32 0 (0.00%) 0 (0.00%) 1 (3.13%) 0 (0.00%) 1 (3.13%)

Punjab Lodhran 25 0 (0.00%) 7 (28.00%) 8 (32.00%) 0 (0.00%) 15 (60.00%)

Sahiwal 12 0 (0.00%) 1 (8.33%) 0 (0.00%) 0 (0.00%) 1 (8.33%)

Okara 12 0 (0.00%) 6 (50.00%) 2 (16.67%) 0 (0.00%) 8 (66.67%)

Mianwali 20 0 (0.00%) 9 (45.00%) 7 (35.00%) 0 (0.00%) 16 (80.00%)

Kabola 8 0 (0.00%) 1 (12.50%) 1 (12.50%) 0 (0.00%) 2 (25.00%)

Pakpattan 8 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Faisalabad 10 1 (10.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 1 (10.00%)

Kashmir Bagh 10 0 (0.00%) 0 (0.00%) 3 (30.00%) 4 (40.00%) 7 (70.00%)

Mirpur 14 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Baluchistan Quetta 10 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Total 213 4 (1.88%) 30 (14.08%) 27 (12.68%) 4 (1.88%) 65 (30.52%)

Chi-square 27.06∗∗ 56.92∗∗ 32.27∗∗ 82.75∗∗ 97.21∗∗

P-value 0.008 0.000 0.001 0.000 0.000

NS, non-significant (P < 0.05); ∗significant (P > 0.05); ∗∗highly significant.

Supplementary Table S1 illustrates pathogens with their
accession numbers.

3 Results

3.1 Tick collection and species
identification

Both livestock and pets were examined for ticks. The animals
examined included 43 cattle, 46 buffalo, 51 goats, and 44 sheep
from different livestock farms. The pet animals included 21 dogs
and 3 cats. Five samples were collected from poultry. In total,
213 ticks were collected from these animals. Tick samples were
collected from different districts, and DNA was extracted. The ticks
were identified by sequencing their rRNA sequences and aligning
them with known sequences. Two other tick genera were also
identified. The prevalence of these genera differed significantly.
Among the collected ticks, the genus Hyalomma exhibited the
highest prevalence, followed by Rhipicephalus. Five tick species
were identified in this study, among which H. anatolicum was
the most prevalent, followed by Rh. turanicus, with a prevalence
rate of 16%. Rhipicephalus microplus was the third most common
species, accounting for only 2% of the samples. The prevalence
of Rh. sanguineus was found to be extremely low. Figure 3 shows
the evolutionary tree based on the 16s rRNA gene of the obtained
sequences. The created phylogenetic tree is divided into four
different clades, and the expressed sequences are designated with
red circles.

Tick species identification is based on PCR amplification,
including phylogenetic analysis targeting the 16s ribosomal gene.
The study sequence was analyzed for tick identification, designated
with red dots.

3.2 Detection of tick-borne protozoa,
virus, and bacterial pathogens

A comprehensive PCR analysis was conducted on 213 ticks,
encompassing ticks from five distinct species, to detect the presence
of prevalent tick-borne protozoan, bacterial, and viral pathogens.
Of the 49 tick pools examined, 28.99% tested positive for tick-
borne infections. The infection rate was determined using a
comprehensive statistical analysis, yielding a calculated value of
17.45, 0.002 (Table 1). Of the 213 tick samples that were combined,
3 (1.41%) tested positive for ENTV, 11 (5.16%) tested positive for
Anaplasma, 1 (0.47%) tested positive for Rickettsia, and 9 (4.23%)
tested positive for Theileria. The prevalence of ENTV in the tick
genus Rhipicephalus was significantly higher (1.82%) than that in
other tick genera. Similarly, the bacterial pathogen Rickettsia had a
significantly higher prevalence rate of 1 (0.97%) in the tick genusH.
anatolicum than in the other tick genera. Additionally, the bacterial
pathogen Anaplasma was found to have a higher prevalence of 8
(7.77%) inHyalomma ticks than in other tick genera. Furthermore,
Theileria was more prevalent in the tick genus Rhipicephalus. No
tick-borne pathogenic DNA was detected in Hy. scupense.

3.3 Distribution of tick-borne pathogens
among districts and provinces

After surveying the positivity rate of TBPs among different
ticks, we evaluated the distribution of positive ticks among different
districts, which is important for evaluating risk in terms of
spatial distribution. First, we compared the distribution of TBP-
positive rates among different provinces. As shown in Table 2, the

Frontiers inMicrobiology 07 frontiersin.org260

https://doi.org/10.3389/fmicb.2024.1359492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Jamil et al. 10.3389/fmicb.2024.1359492

TABLE 3 Positive rate of TBPs among animals.

Animals Samples to
be tasted

Positive for
ENTV

Positive for
Anaplasma

Positive for
Theileria

Positive for
Rickettsia

Total positive

Goat 51 3 (5.88%) 12 (23.53%) 12 (23.53%) 3 (5.88%) 30 (58.82%)

Sheep 44 4 (9.09%) 11 (25.00%) 6 (13.64%) 0 (0.00%) 21 (47.73%)

Cattle 43 0 (0.00%) 2 (4.65%) 2 (4.65%) 0 (0.00%) 4 (9.30%)

Buffalo 46 0 (0.00%) 1 (2.17%) 2 (4.35%) 0 (0.00%) 3 (6.52%)

Poultry 5 0 (0.00%) 1 (20.00%) 0 (0.00%) 0 (0.00%) 1 (20.00%)

Dog 21 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Cat 3 0 (0.00%) 0 (0.00%) 0 (0.00%) 1 (33.33%) 1 (33.33%)

Total 213 7 (3.29%) 27 (12.68%) 22 (10.33%) 4 (1.88%) 60 (28.17%)

Chi-square 9.76NS 22.27∗∗ 16.73∗ 23.59∗∗ 58.66∗∗

P-value 0.135 0.001 0.010 0.001 0.000

NS, non-significant (P < 0.05); ∗significant (P > 0.05); ∗∗highly significant (P < 0.01).

positive rates between the provinces differed significantly (or non-
significantly). Samples were collected from several districts in the
provinces of Sindh and Punjab. Although different rates of TBPs
were identified, no significant differences were observed between
the districts of the two provinces. The higher the positivity rate
of TBPs, the greater the risk. Therefore, provinces with higher
positivity rates face a higher risk of developing TBPs.

3.4 Distribution of tick-borne pathogens
among animals

After analyzing the positivity rate among different districts and
ticks, we analyzed the TBP positivity rates among different species
of livestock. As shown in Table 3, the positivity rate of TBPs was
significantly different among the tested animals (χ2

= 58.66, P =

0.000). Among the animal species, goats had the highest positive
rate, and all four types of bacteria, virus, and protozoan pathogens
were found in the ticks from goats, followed by sheep (21, 47.73%),
cattle (4, 9.30%), and buffalo (3, 6.52%). The prevalence of Theileria
andAnaplasmawas high. In the case of cats, one (33.33%)Rickettsia
species was identified, and in poultry, one (20.00%) Anaplasma

species was detected. Combined with the distribution of ticks from
different animals, these results indicate that TBPs are differentially
distributed between different species of ticks and animals.

3.5 Phylogenetic analysis of TBPs

The phylogenetic analysis of Anaplasma marginale, Rickettsia
canadensis, Theileria, and ENTV delineates our findings in
Figures 4–7. After completing all three Anaplasma marginale

sequences, it has been documented that all three partial sequences
formed a different clade and were partially related to other
sequences from China and Pakistan (Figure 4). The results of
the phylogenetic analysis based on the outer surface protein of
Rickettsia canadensis showed a close clustering pattern close to
two sequences, specifically OR825418 and OR825419, which were

obtained from different ticks. These sequences exhibited a close
clustering pattern with sequences from Pakistan, China, and Iran.
The sequences acquired from GenBank were derived from various
tick species. The sequence with the identifier OR8254820 was
identified to form a separate clade, as shown in Figure 5. The partial
sequences of Theileria of different ticks, including Hyalomma and
Rhipicephalus, were collected from various locations in Pakistan,
such as Punjab, Sindh, Balochistan, and AJK. Phylogenetic analysis
of three partial Theileria sequences revealed distinct clades from
other sequences in GenBank. Theileria (OR804202) is similar to
sequences from the United States and India. Theileria (OR804200)
showed a close relationship to sequences from India. Furthermore,
Theileria (OR804201) showed 100% similarity with a South African
isolate (Figure 6).

The phylogenetic analysis of the current whole-genome
sequence of ENTV isolated from Rh. Turanicus andHy. anatolicum
(OR991120) in sheep and goats from various districts of Pakistan
revealed a relatively high homology (100%) with ENTV from the
United States (NC004994). The lowest divergence ratios (30%) were
detected with ENTV isolated from goats in Canada (FJ744146)
(Figure 7).

4 Discussion

In this study, 213 tick species from two genera, namely,
Rhipicephalus and Hyalomma, with five species ascertained,
namely, R. turanicus, R. sanguineus, R. microplus, Hy. anatolicum,
and Hy. scupense, were assembled from the Punjab, Balochistan,
Kashmir, and Sindh provinces in Pakistan. According to these
studies, the provinces that share common borders with Afghanistan
are inaugurating delving ticks in Pakistan. Our finding proclaimed
that nine (4.23%) clarify that Theileria were detected in all the
surveyed tick species, except Hy. scupense and R. sanguineus.
Theileria infections have been investigated using various techniques
in different regions worldwide, including Pakistan. For example,
in Egypt, the prevalence of T. annulata in buffaloes is 15.49%
(El-Ashker et al., 2015). Few reports concluded that in Pakistan,
the prevalence of T. annulata was reported to be 16.3% and
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FIGURE 4

Phylogenetic tree based on the 16s rRNA of Anaplasma marginale partial sequence. Targeted sequences are expressed in green circles. Supporting

bootstrap values were used, and Anaplasma marginale from Pakistan was set up as an outgroup.

FIGURE 5

Evolutionary tree based on the outer membrane surface protein sequence of Rickettsia. The bootstrap values were kept standard, and substitutions

were based on scale bar values. As an outgroup, Rickettsia conorii from Ankara and Rickettsia massiliae were used. The obtained sequences are

expressed in red circles.

29.9% in ruminants (Zeb et al., 2020). Our findings align with
worldwide research, including those in Pakistan, with a slight
difference in the prevalence rate. Differences in prevalence could

be due to changes in temperature, humidity, agriculture methods,
and vector populations across different locations globally (Zafar
et al., 2022) with a high prevalence in the southern part of
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FIGURE 6

Evolutionary tree based on the 18s rRNA of Theileria, with the Theileria luwenshuni used as an outgroup. Standard values of bootstrap considered

along with the scale bar stipulate substitution at each branch site. The extracted sequences are expressed in yellow circles.

FIGURE 7

Evolutionary tree of the whole-genome sequence analysis of ENTV obtained from goats in Pakistan. The obtained genomes are expressed in yellow

circles and shown in the middle of the figure. The ovine enzootic nasal tumor virus in Canada was set as an outgroup. The standard bootstrap value

was used, and the maximum likelihood method was applied for evolutionary tree construction.

Lahore district of Punjab Province, where Theileria was detected
to be 65% prevalent in both Rhipicephalus and Hyalomma in
sheep (Durrani et al., 2011). Research conducted in the following
countries, Turkey, Pakistan, and China, indicated that Theileria has

been detected to be the most abundant species, with a prevalence
rate of 34.56%, 79%, and 78%, respectively (Durrani et al., 2011).
Besides, the Theileria prevalence rate in the present study is
lower than the previous studies, which detected Theileria from
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various mammalian hosts in preference to ticks; hence, the results
were found to be inconsistent with our findings. In addition,
the ascertained three partial 18s rRNA sequences of Theileria are
highly pathogenic in nature due to their correspondence with
other Theileria spp., which were determined from different regions
in Pakistan.

In this study, A. marginale was detected in 8 (10.00%) Hy.

anatolicum species and 3 (4.29%) R. turanicus species using
molecular methods. Few reports suggest that 20 different kinds
of ticks are the reservoir host of A. marginale, which leads
to oppressive complications, for instance, bovine anaplasmosis
(Pothmann et al., 2016). In Pakistan, conventional methods such as
microscopy analysis are used for detecting A. marginale; molecular
approaches for detecting such a pathogen in ticks are meager
(Khan et al., 2017). The results revealed that A. marginale is
dominant in Hy. anatolicum. Our finding is contrary to the
study that identified R. microplus as a consequential host for
spreading A. marginale in various developing countries (Kocan
et al., 2010). Our finding contradict the report of Ramzan
et al., whose verified research in Multan districts proclaimed
the prevalence of A. marginale in cattle and buffalo (Ramzan
et al., 2020). Our results suggested that small ruminants are
utterly more infected with A. marginale than large ruminants,
which is in accordance with the discrepancy in the susceptibility
of cattle and buffalo breeds to anaplasmosis (Sajid et al.,
2014).

Our findings concluded that R. canadensis was detected
in 1 (1.25%) Hy. anatolicum tick collected from cats and
domestic goats. Candidatus Rickettsia, an agent of unknown
pathogenicity, is a common vector in cat fleas (Mediannikov
et al., 2015; Legendre and Macaluso, 2017). SFGR infections in
cats could also be caused by tick-borne SFGR (Jabbar et al.,
2015). These findings are contrary to other research conducted in
the tribal areas of Rawalpindi, Pakistan, showing that Rickettsia
is predominant in different tick species such as Rh. turanicus,
Rh. microplus, Rh. haemaphysaloides, and Rhipicephalus species
(Ali et al., 2021). Few investigations have reported that Rh.

sanguineus, Rh. sulcatus, Rh. lunulatus, Rh. muhsamae, and Rh.

senegalensis are the reservoir hosts of this pathogen (Eremeeva
et al., 2006).

Our findings suggested that ENTV was detected in 2 (2.86%)
Rh. turanicus and 1 (1.25%) Hy. anatolicum ticks were collected
from a total of 3 (5.88%) small ruminant goats and 4 (9.09%)
sheep in the Nawabshah and Faisalabad districts of Pakistan. In
Pakistan, there are no reports of ticks infesting ruminants equated
with ENTV infection, and to our knowledge, this is the first
report of ENTV associated with small ruminant ticks. Research has
concluded that ENTV isolated from goats and sheep belongs to
ENTV-1 and ENTV-2, respectively (Ortín et al., 2003). Oncogenic
retroviruses transform epithelial cells through their envelope
(Monot et al., 2015). ENTV may cause severe complications
in animals in terms of clinical manifestations such as dry and
productive cough, exudative nasal discharge, difficulty breathing,
stretching neck breathing, and ultimately facial deformities (De
las Heras et al., 1995). Gradually, the animals lose weight and
die. A small ruminant population is highly affected by this tumor
worldwide; most recent cases have been reported in Turkey (Ajayi
et al., 2013; Özmen and Serpin, 2016).

There is a varying route of ENTV transmission among
animals, but the most common exploration route is the respiratory
route via nasal and cough exudate. It has been reported that
ENTV is reproduced experimentally by nebulization (Walsh et al.,
2013). Other routes of transmission, such as milk, colostrum, or
intrauterine or perinatal infections, as have been reported for JSRV
and ENTV, should also be considered (Caporale et al., 2005; Grego
et al., 2008). Infected animals are themore common cause of ENTV
transmission among disease-free flocks.

Our findings showed that 3 (6.52%) buffaloes, 4 (9.30%) cattle,
30 (58.82%) goats, 21 (47.73%) sheep, 1 (20.00%) poultry, 1
(33.33%) cat, and 21 (0%) dogs were infested with TBPs. Cattle
comprised the highest proportion of livestock infested with TBPs.
This may be due to the thin skin and other supporting conditions
for the growth of ticks in Pakistan, like temperature, humidity, and
habitat (Ghafar et al., 2020). Our findings indicate lower rates of tick
infestation in buffaloes than in cattle, which aligns with previous
research that also found comparable findings (Ghafar et al., 2020;
Ramzan et al., 2020; Hussain S. et al., 2023).

Sheep have a lower TBPs infestation rate than goats. Several
studies conducted in Pakistan have consistently demonstrated a
prevalent trend of tick infestation in livestock, revealing that
sheep manifest a lower infection rate (11.1%) than goats (60.0%)
(Alessandra and Santo, 2012). In contrast, another study reported
that infestation was higher in sheep than in goats (Rashid et al.,
2018; Ramzan et al., 2019). The main reason for low infestation
may be the presence of wool on the sheep’s body. Wool may be a
better protective factor against tick attachment in sheep. Our results
agree with those of previous findings on tick infestation (Atif, 2012;
Monfared et al., 2015).

Our findings among various districts concluded that Mianwali,
Lodhran, and Okara in Punjab Province are more highly affected
by TBPs than other districts due to the humid environmental
conditions, as most of the rice crop is reared in that area (Ashraf
et al., 2021). The maximum levels of egg-laying and hatching
of Hyalomma ticks are observed at 32–34◦C with 85% humidity
(Durrani and Shakoori, 2009).

5 Conclusion

In the present study, we performed an etiological survey of tick-
borne pathogens among livestock and pet animals in Pakistan. The
results showed that various tick-borne pathogens were identified
in both livestock and pet animals, and these pathogens are greatly
differentially distributed among ticks and animals, which implied
a risk for both animals and humans. Furthermore, a new virus,
ENTV, was identified in animals in Pakistan. Further studies
involving a larger number of ticks sampled across the country
and detailed transmission studies should be conducted to further
evaluate the prevalence of tick-borne pathogens of veterinary and
medical importance.
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Anaplasma, Bartonella, and 
Rickettsia infections in Daurian 
ground squirrels (Spermophilus 
dauricus), Hebei, China
Jing Xue 1, Si-Si Chen 1, Ze-Yun Xu 1, Fang-Ni Wang 1, 
Jiangli Wang 2, Danhong Diao 2, Luanying Du 1, 
Guang-Cheng Xie 1 and Wen-Ping Guo 1*
1 College of Basic Medicine, Chengde Medical University, Chengde, China, 2 Chengde Center for 
Disease Control and Prevention, Chengde, China

Rodents have been confirmed as hosts of various vector-borne zoonotic 
pathogens and are important for the maintenance of these microbes in nature. 
However, surveillance for zoonotic pathogens is limited for many wild rodent 
species in China, so our knowledge of pathogen ecology, genetic diversity, 
and the risk of cross-species transmission to humans is limited. In this study, 
165 spleen samples of Daurian ground squirrels (Spermophilus dauricus) were 
collected from Weichang Manchu and the Mongolian Autonomous County 
of Hebei Province, China, and Rickettsia, Bartonella, and Anaplasma were 
identified by DNA detection using polymerase chain reaction (PCR). Sequence 
analysis identified eight bacterial pathogens: R. raoultii, R. sibirica, Candidatus 
R. longicornii, B. washoensis, B. grahamii, B. jaculi, A. capra, and Candidatus 
Anaplasma cinensis. Co-infection of B. grahamii and R. raoultii in one sample was 
observed. Our results demonstrated the genetic diversity of bacteria in Daurian 
ground squirrels and contributed to the distribution of these pathogens. Six 
species, A. capra, R. raoultii, R. sibirica, Candidatus R. longicornii, B. washoensis, 
and B. grahamii, are known to be pathogenic to humans, indicating a potential 
public health risk to the local human population, especially to herders who 
frequently have close contact with Daurian ground squirrels and are thus 
exposed to their ectoparasites.

KEYWORDS

Daurian ground squirrel, Anaplasma, Bartonella, Rickettsia, genetic diversity

Introduction

Rodents are the most diverse taxa of mammals (Huchon et al., 2002; Wilson and Reeder, 
2005) and serve as reservoirs of many important zoonotic pathogens (Meerburg et al., 2009; 
Han et al., 2015). These pathogens consist of bacteria, viruses, and parasites. They comprise 
66 identified zoonotic pathogens harbored by a minimum of 217 rodent species as reservoirs. 
Additionally, at least 79 rodent species can host between 2 and 11 zoonotic causative agents 
(Han et al., 2015). In recent years, an increasing number of viruses have been discovered by 
next-generation sequencing technology in rodents, some of which possess zoonotic potential 
(Chen et al., 2023). Furthermore, most of these zoonotic pathogens are indirectly transmitted 
from rodents to humans via arthropod vectors (Meerburg et al., 2009).
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FIGURE 1

Map with the location of the sampling site (black circle) in Weichang Manchu and Mongolian Autonomous County (shown in gray), Hebei, China.

Rickettsia and Anaplasma (Order Rickettsiales) are obligate 
intracellular bacteria that are transmitted by ticks (Darby et al., 2007). 
Some Rickettsia species have been detected in rodents, although the 
role that rodents play in their life cycle is unclear (Schex et al., 2011; 
Kuo et al., 2015; Lu et al., 2019). Unlike Rickettsia, Anaplasma cannot 
be transmitted transovarially in ticks; therefore, vertebrate mammals 
such as rodents are required to complete their life cycle (Battilani et al., 
2017). Bacteria belonging to the genus Bartonella include several 
zoonotic species that can be transmitted from animals to humans 
through the bites of infected bloodsucking arthropods (Deng et al., 
2012), as well as through the scratch of an infected cat or by contact 
with the infected feces of a vector (Krügel et al., 2022). Although 
Bartonella DNA has been detected in ticks, the role of ticks as vectors 
in the transmission of Bartonella spp. remains unclear (Telford and 
Wormser, 2010). As the natural hosts, more than half of all Bartonella 
species, including human pathogens, have been identified in rodents 
to date (Jian et al., 2022).

The Daurian ground squirrel (Spermophilus dauricus) may be a 
potential reservoir of tick-borne pathogens. In China, a tentative 
Ehrlichia species was identified from this ground squirrel in Inner 
Mongolia (Li et al., 2023a). In addition, B. rochalimae and B. washoensis 
were detected in Inner Mongolia (Li et al., 2023b). Except for the three 
above-mentioned bacterial species and Y. pestis, no other vector-borne 
intracellular bacteria have been found in Daurian ground squirrels. In 
our preliminary studies, herders parasitized by ticks were found in the 
Bashang area of Weichang Manchu and the Mongolian Autonomous 
County of Hebei Province, China. Therefore, when herders enter the 
habitat of Daurian ground squirrels, they may come into contact with 
the rodents and be exposed to their ectoparasites. A previous study 
showed that intracellular bacterial pathogens, including R. raoultii and 
Candidatus R. tarasevichiae, were identified in 26 ticks collected from 
humans (Xue et al., 2023) in Weichang County, as well as A. ovis with 
zoonotic potential. Therefore, to better understand the genetic 
diversity of intracellular bacterial pathogens, Daurian ground squirrels 

were collected from the Bashang area to screen for the presence of 
neglected vector-borne Anaplasma, Bartonella, and Rickettsia. The 
results will help to assess the potential transmission risk of these 
pathogens to humans.

Materials and methods

Sample collection of rodents and DNA 
extraction

From April to October 2021, rodents were captured alive using 
baited cages with a treadle release mechanism from one sampling 
site (approximately 3 km2) located in the Bashang area of Weichang 
Manchu and Mongolian Autonomous County, Hebei Province, 
China (Figure 1). The cages were set at night and then retrieved the 
following day. Two hundred cages were used in each trapping 
session, and two or three trapping sessions were conducted each 
month. Based on the standard taxonomic characteristics (Wang, 
2003), the rodents were first identified morphologically at the 
species level. After species identification, the sampled rodents were 
euthanized with an isoflurane overdose before surgery to minimize 
suffering. Spleen tissue samples were aseptically collected from each 
individual and stored on dry ice. A volume of 200 μL of spleen tissue 
suspension was prepared by homogenizing a 30 mg sample in 200 μL 
of TL buffer. DNA was isolated from the spleen suspension of each 
rodent using a Tissue DNA Kit (Omega, Norcross, GA, 
United  States) according to the manufacturer’s protocol. The 
extracted DNA was eluted in 80 μL of elution buffer and stored at 
−20°C before pathogen detection and confirmation of rodent 
species by molecular methods. All samples tested negative for 
Yersinia pestis by detecting immunoglobulin (IgG) antibodies 
against the F1 antigen and caf1 and pla genes before screening for 
other pathogens (Zhao et  al., 2017). The rodent species was 
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confirmed by sequence analysis of the mitochondrial cytochrome b 
(mt-cyt b) gene (Guo et al., 2013). This study was approved by the 
Scientific Ethics Committee of the Chengde Medical University (No. 
202004).

Molecular detection of Rickettsia, 
Anaplasma, and Bartonella

Rickettsia, Anaplasma, and Bartonella were detected for the 
presence of DNA using polymerase chain reaction (PCR). Rickettsia 
was screened using semi-nested PCR targeting a conserved region of 
the outer membrane protein (ompA) (Ishikura et al., 2003). The DNA 
of Bartonella was detected by amplifying a fragment of the citrate 
synthase (gltA) gene (Jian et al., 2022). Anaplasma was detected by 
semi-nested PCR using the primer pairs fD1/Eh-out2 and fD1/Eh-gs1 
for primary and secondary rounds, targeting the 16S rRNA (Weisburg 
et al., 1991; Wen et al., 2002). In addition, the DNA of Candidatus 
Anaplasma cinensis was detected to confirm its presence by amplifying 
the partial gltA gene using primers designed for this study. The partial 
groEL gene of Candidatus Anaplasma cinensis was amplified to better 
characterize its genetic characteristics. The primers used in the present 
study are listed in Table 1. For Candidatus A. cinensis, the PCR for the 
primary round of semi-nested PCR was performed in a 20 μL reaction 
volume containing 10 μL of Premix Taq (Takara, Dalian, China), 
1.6 μL of DNA, 1.0 μL of each primer (10 pmol), and 5.4 μL of water. 
The secondary round consisted of a final volume of 50 μL that 
contained 25 μL of PCR mixture Premix Taq (Takara, Dalian, China), 
3 μL of the first round PCR products, 2 μL of each primer (10 pmol), 
and 18 μL of water. The same thermal cycling conditions were used for 
both rounds and were as follows: pre-denaturation at 94°C for 5 min; 
35 cycles of denaturation at 94°C for 40 s; annealing at 56°C for 40 s; 
elongation at 72°C for 1 min; and a final extension at 72°C for 7 min. 
Double-distilled water was used as a negative control. In addition, 

positive controls were included in the reactions using DNA deposited 
in our laboratory.

The PCR products were separated by electrophoresis using 1% 
agarose gels, and the bands were observed after staining. The PCR 
products of the expected size were purified using a MiniBEST Agarose 
Gel DNA Extraction Kit Ver.4.0 (TaKaRa, Dalian, China). Due to the 
sequences being less than 700 bp, the amplicons were bidirectionally 
sequenced using the primers for the secondary round of the PCR after 
purification. If double peaks were visible on the sequencing 
chromatograms, the amplicons were cloned into pMD19-T vectors 
(Takara, Dalian, China) for further sequencing with the universal 
primers RV-M and M13-47 (Sangon, Beijing, China).

Nucleotide sequence identity and 
phylogenetic analyses

All the newly generated sequences were searched against the 
GenBank database using the Basic Local Alignment Search Tool 
(BLAST). The nucleotide sequence identities between the sequences 
in this study and reference sequences were determined using the 
MegAlign program in Lasergene (Burland, 2000). A maximum 
likelihood (ML) tree used to identify the pathogens by species was 
reconstructed using PhyML 3.0 (Guindon et al., 2010) based on the 
optimal nucleotide substitution model (GTR + Γ + I) estimated by 
MEGA 6.0.6 (Tamura et  al., 2013). The reliability of the tree was 
evaluated by bootstrap analysis with 1,000 replicates.

Statistical analysis

The differences between positive rates of Anaplasma, Bartonella, 
and Rickettsia infections in Daurian ground squirrels were compared 
using a χ2 test with a p-value of 0.05 as the threshold.

TABLE 1 Primer sequences used in this study.

Pathogens Target gene Primer
Oligonucleotide sequences 
(5′–3′) Size (bp) References

Rickettsia ompA Rr190k.70p TGGCGAATATTTCTCCAAAA (+) 532 Ishikura et al. (2003)

Rr190k.720n TGCATTTGTATTACCTATTGT (−)

Rr190k.602n AGTGCAGCATTCGCTCCCCCT (−)

Bartonella gltA Bar-gltA-FM GCHGATCAYGARCAAAATGC (+) 476 Jian et al. (2022)

Bar-gltA-R1 CYTCRATCATTTCTTTCCAYTG (−)

Bar-gltA-R2 GCAAAVAGAACMGTRAACAT (−)

Candidatus Anaplasma 

cinensis

gltA Platys-glta-F GATGTGTGGGAAAGAAGAAAT (+) 641 This study

Pglt-R1 TCATGRTCTGCATGCATKATG (−) Guo et al. (2019)

Pglt-R2 CATGCATKATGAARATCGCRT (−)

groEL Platys-groEL-F1 GAGTATTAASCCTGAGGAAC (+) 439 This study

Platys-groEL-F2 AGAGTGCATCGCAATGTAAT (+)

Platys-groEL-R AGGAATATGTAYGGRTTYTC (−)

Anaplasma 16S rRNA fD1 AGAGTTTGATCCTGGCTCAG (+) 639 Weisburg et al. (1991) and 

Wen et al. (2002)Eh-out2 AGTAYCGRACCAGATAGCCGC (−)

Eh-gs2 CTAGGAATTCCGCTATCCTCT (−)a

269

https://doi.org/10.3389/fmicb.2024.1359797
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Xue et al. 10.3389/fmicb.2024.1359797

Frontiers in Microbiology 04 frontiersin.org

Results

Rodent sample collection

A total of 165 rodents were captured in Weichang Manchu and 
Mongolian Autonomous County, Hebei Province, China. Based on 
both morphological and molecular methods, all of the rodents were 
identified as Daurian ground squirrels, belonging to the family 
Sciuridae. The cytb gene sequences shared 99.3–100% nucleotide 
identity with each other and displayed 98.5–99.7% nucleotide identity 
with known corresponding sequences from Daurian ground squirrels 
in the GenBank database.

Molecular detection of pathogens

After electrophoresis, 35 PCR products of expected size were 
subjected to sequencing, and the results were further subjected to 
BLAST searches. In total, 34 rodent samples tested positive for at least 
one causative agent, and one co-infection of two pathogens was found. 
Furthermore, eight pathogens were identified. Specifically, 13 rodent 
samples tested positive for the genus Rickettsia, with a positive rate of 
7.9%, including 7 R. raoultii, 3 R. sibirica, and 3 Candidatus 
R. longicornii. Fifteen rodent samples tested positive for the genus 
Bartonella, with a positive rate of 9.1%, including 10 B. washoensis, 3 
B. grahamii, and 2 B. jaculi. Co-infection of B. grahamii and R. raoultii 
was observed in one sample. Six samples tested positive for Candidatus 
A. cinensis, with a positive rate of 3.6%. When using the primer pairs 
fD1/Eh-out2 and fD1/Eh-gs1 targeting the 16S rRNA of the genus 
Anaplasma, none of the six samples mentioned above tested positive. 
Instead, an additional sample yielded a positive result. After 
sequencing, BLASTn analysis based on this partial 16S rRNA sequence 
indicated that this agent could be identified as A. capra, with a low 
positive rate of 0.6%. Unfortunately, we  failed to get other genes. 
Rickettsia and Bartonella infections in Daurian ground squirrels had 
no significant difference (χ2 = 0.16, p = 0.69). The positive rate of 
Bartonella infection in Daurian ground squirrels was higher than that 
of Anaplasma (χ2 = 4.12, p = 0.04). However, no significant difference 
was observed between Rickettsia and Anaplasma infections (χ2 = 2.74, 
p = 0.10).

Molecular characterization of identified 
vector-borne intracellular bacterial 
pathogens

For the genus Bartonella, 10 partial gltA gene sequences of 
B. washoensis in this study shared 99.3–100% nucleotide identity with 
each other and the highest nucleotide identity of 99.7–100% with 
Bartonella sp. DR 1–1, also in Daurian ground squirrels from China 
(Inoue et al., 2009). Specifically, the gltA gene sequences recovered in 
this study shared 97.1–97.9% nucleotide identity with those of strain 
085-0475 isolated from humans. In addition, the gltA gene sequences 
in this study shared 97.0–99.7% nucleotide identity with known ones 
of B. washoensis from ground squirrels and 96.4–98.8% nucleotide 
identity with known B. washoensis variants from other reservoirs. In 
the phylogenetic tree, all B. washoensis variants in this study clustered 
with the reference B. washoensis strain 085-0475, and then with 

B. washoensis isolate human_1487_18, also from humans (Figure 2). 
However, these newly generated sequences only shared 91.1–92.0% 
nucleotide identity with the gltA gene sequence of isolate 
human_1487_18. In addition, another three partial gltA gene 
sequences of B. grahamii in this study shared 99.1–99.8% nucleotide 
identity with each other, and 96.6–98.9% with known ones of 
B. grahamii. In the phylogenetic tree, all three newly generated gltA 
gene sequences clustered with those of B. grahamii (Figure 2). Two 
partial gltA gene sequences of B. jaculi recovered in this study shared 
95.7% nucleotide identity with each other and 96.3–99.7% nucleotide 
identity with known ones of B. jaculi. In the phylogenetic tree, these 
two sequences clustered with that of a known B. jaculi isolate 
(Figure 2).

The partial 16S rRNA gene sequence in this study presented a 
100% similarity with some sequences of A. capra variants, suggesting 
a possible A. capra infection in Daurian ground squirrels. Using the 
primers designed in this study, Candidatus A. cinensis was detected 
by amplifying its gltA gene in six samples. All six of these partial gltA 
gene sequences in this study shared 99.0–99.7% nucleotide identity 
and shared 98.7–99.7% nucleotide identity with known ones of 
Candidatus A. cinensis. In addition, a partial groEL gene sequence was 
obtained and showed the highest nucleotide identity of 98.4% with 
that of known Candidatus A. cinensis variants. Moreover, the groEL 
and gltA gene sequences herein shared 82.8% and 74.0–74.7% 
nucleotide identity, respectively, with those of the A. platys reference 
strain S3. Consistently, these variants in the present study clustered 
with other known Candidatus A. cinensis rather than specific A. platys. 
Specifically, the Candidatus A. cinensis variants herein clustered 
within lineages 2 and 4 of Guo et al. (2019) for the gltA and groEL 
genes, respectively (Figure 3).

For the genus Rickettsia, seven partial ompA gene sequences of 
R. raoultii in this study shared 99.2–100% nucleotide identity with 
each other and 97.7–99.4% with known R. raoultii variants. In 
addition, three partial ompA gene sequences of R. sibirica in this study 
shared 98.1–100% nucleotide identity with the known ones of 
R. sibirica variants. Another three partial ompA gene sequences of 
Candidatus R. longicornii in this study shared 98.8–100% nucleotide 
identity with each other and 96.6–100% nucleotide identity with 
known Candidatus R. longicornii variants. Interestingly, the ompA 
gene sequence of isolate Weichang-Sd-87 had an insertion of three 
bases (GAC) compared to the other four isolates, the same as isolates 
CCBF8, GXS12, and GXS34 identified from rodents in Guangxi, 
China. In the phylogenetic tree, 19 ompA gene sequences were 
classified into three groups, corresponding to R. raoultii, R. sibirica, 
and Candidatus R. longicornii (Figure 4).

Discussion

Rodents are the main hosts of many human pathogens and can 
indirectly transmit vector-borne intracellular bacteria to humans, 
such as Rickettsiales and Bartonella (Han et al., 2015). The Daurian 
ground squirrel is a wild rodent species mainly distributed in northern 
China, Mongolia, and Russia and is a host of Yersinia pestis (Zhou 
et al., 2004a,b; Tian, 2018). Daurian ground squirrels frequently come 
into contact with herders, which can increase the risk of plague 
transmission in humans. To date, the diversity of vector-borne 
intracellular bacterial pathogens carried by Daurian ground squirrels 
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has been unclear, although the ground squirrels are known to be hosts 
of ticks. In this study, eight intracellular bacterial species were 
discovered, namely two Anaplasma species, three Rickettsia species, 
and three Bartonella species. Specifically, these eight species were 
A. capra, Candidatus A. cinensis, R. raoultii, R. sibirica, Candidatus 
R. longicornii, B. washoensis, B. grahamii, and B. jaculi. Importantly, 
A. capra, R. raoultii, R. sibirica, Candidatus R. longicornii, 
B. washoensis, and B. grahamii are pathogenic to humans, suggesting 
potential threats to public health. In this study, a low rate of 

co-infection between B. grahamii and R. raoultii was observed. In a 
previous study, co-infection of Rickettsia and Bartonella was found to 
be prevalent in rodents in Vietnam (Anh et al., 2021), although the 
bacterial species within Rickettsia and Bartonella were not identified. 
All these results imply that the co-infection of Rickettsia and Bartonella 
in rodents does not interfere with each other. Our results give 
important insights into the distribution of these vector-borne 
pathogens and the genetic diversity of vector-borne pathogens in 
Daurian ground squirrels in the local area.

FIGURE 2

Phylogenetic tree based on the partial gltA gene sequences of the genus Bartonella. Numbers at each node indicate bootstrap values. The tree was 
mid-point rooted for clarity, and the scale bar represents the number of nucleotide substitutions per site. The representative sequence obtained in this 
study was used to reconstruct the tree and is marked with circles.
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FIGURE 3

Phylogenetic tree based on the partial gltA (left) and groEL (right) gene sequences of the genus Anaplasma. Numbers at each node indicate bootstrap 
values. The tree was mid-point rooted for clarity, and the scale bar represents the number of nucleotide substitutions per site. The representative 
sequence obtained in this study was used to reconstruct the tree and is marked with circles.

FIGURE 4

Phylogenetic tree based on the partial ompA gene sequences of the genus Rickettsia. Numbers at each node indicate bootstrap values. The tree was 
mid-point rooted for clarity, and the scale bar represents the number of nucleotide substitutions per site. The representative sequence obtained in this 
study was used to reconstruct the tree and is marked with circles.

272

https://doi.org/10.3389/fmicb.2024.1359797
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Xue et al. 10.3389/fmicb.2024.1359797

Frontiers in Microbiology 07 frontiersin.org

To date, Rickettsia has been found in many rodent species, even in 
single rodent species collected from a single location (Schex et al., 
2011; Kuo et  al., 2015; Lu et  al., 2019). In previous studies, 
R. heilongjiangensis, R. japonica, and an unidentified Rickettsia species 
were detected in Apodemus agrarius in China (Lu et al., 2019); R. felis 
and R. helvetica were found in A. flavicollis in Germany (Schex et al., 
2011); and seven Rickettsia species were identified in Rattus losea in 
Taiwan (Kuo et al., 2015). Similar to these results, three Rickettsia 
species, namely R. raoultii, R. sibirica, and Candidatus R. longicornii, 
were identified in Daurian ground squirrels in the present study, 
indicating that there is genetic diversity in Rickettsia hosted by a 
rodent species in a single location. In our previous studies, two 
uncultured Rickettsia species, Candidatus R. tarasevichiae, and 
Candidatus R. principis, were detected in ticks from the same county 
(Xue et  al., 2023). However, neither was recovered in this study, 
although Candidatus R. tarasevichiae was detected in R. norvegicus 
and Clethrionomys rufocanus in Dashigou around Mudanjiang City, 
Heilongjiang Province, Northeast China (Yuan et al., 2021). This may 
be due to differences in sampling sites or because the Daurian ground 
squirrel is not the primary host. Our previous study also showed that 
at least three tick species, Ixodes persulcatus, Dermacentor silvarum, 
and Haemaphysalis concinna, were present in  local areas, and 
R. raoultii has been identified in those ticks (Xue et  al., 2023). 
However, R. sibirica and Candidatus R. longicornii were not identified, 
although R. sibirica has been detected in the same tick species from 
other parts of China (Zhao et  al., 2021). Hence, ticks should 
be collected to determine their circulation and prevent further threats 
to human health.

As the main hosts, rodents are infected by many species within the 
genus Bartonella. Among the rodent-associated Bartonella species, 
eight detected in Daurian ground squirrels, including B. rochalimae 
and B. washoensis, are pathogenic to humans (Jian et al., 2022). In 
addition to B. washoensis, which was identified in Daurian ground 
squirrels in a previous study (Inoue et  al., 2009; Li et  al., 2023b), 
B. grahamii and B. jaculi were detected in Daurian ground squirrels in 
the present study. Combining the data from previous and our studies, 
four Bartonella species have been recovered in Daurian ground 
squirrels, indicating that this rodent species is an important host of 
Bartonella. Bartonella jaculi was first identified in Jaculus orientalis 
from Egypt (Sato et al., 2013) and then only detected in Allactaga 
sibirica from the Qaidam Basin of China (Rao et al., 2021). These 
results demonstrated the worldwide geographical distribution of 
B. jaculi, and it has a wide range of rodent hosts. In this study, 
B. washoensis was the predominant Bartonella species, followed by 
B. grahamii. Considering their pathogenicity to humans, the 
ectoparasites (including fleas, mites, lice, and ticks) of Daurian ground 
squirrels should be  collected to determine those that can act as 
potential vectors of both B. washoensis and B. grahamii in 
future studies.

Anaplasma capra was first confirmed to be a human pathogen in 
2015 (Li et al., 2015) and has been mainly identified in livestock 
based on sequences deposited in GenBank and previous studies 
(Guo et al., 2018; Amer et al., 2019; He et al., 2021; Remesar et al., 
2022; Sahin et al., 2022). In this study, only one partial 16S rRNA 
sequence was obtained, and we  conjectured that this may have 
resulted from a low bacterial load or DNA degradation by some 
enzymes in the host. Alternatively, rodents may not be a competent 

reservoir of A. capra. Anaplasma platys is considered a potential 
human pathogen because its DNA was detected in two female 
patients from Venezuela (Arraga-Alvarado et al., 2014). Unlike other 
Anaplasma species, A. platys showed a high level of great genetic 
diversity, manifested by the 16S rRNA gene forming a monophyletic 
group and the gltA and groEL genes forming polyphyletic groups 
(Ben Said et al., 2017; Guo et al., 2019; Nguyen et al., 2020; Zobba 
et al., 2022). In China, A. platys-like variants formed a lineage in the 
groEL tree, while they were classified into two lineages in the gltA 
tree (Guo et al., 2019). In Thailand, similar A. platys-like variants 
were also identified, and they clustered together with the above-
mentioned variants in China in the groEL tree (Nguyen et al., 2020). 
At present, this lineage is named Candidatus A. cinensis. In addition, 
another two genetically related lineages of A. platys-like in ruminants 
from Tunisia were named Candidatus A. turritanum (Ben Said et al., 
2017). Moreover, Candidatus A. camelii fell into the genetic diversity 
of A. platys and A. platys-like (Guo et  al., 2019). In this study, 
Candidatus A. cinensis was identified in Daurian ground squirrels, 
and this is the first molecular evidence of its infection in rodents. In 
detail, the gltA gene sequences presented the closest genetic 
relationship with known sequences belonging to lineage 2 rather 
than those of lineage 1 from Guo et al. (2019), while the groEL gene 
sequences clustered together and formed one lineage. The data from 
this and previous studies suggest that Candidatus A. cinensis is 
widely distributed and infects a greater variety of potential hosts 
than suggested by previous studies (Ben Said et al., 2017; Guo et al., 
2019; Nguyen et  al., 2020). Therefore, its pathogenicity should 
be given more attention.

There were several limitations to this study. First, we did not check 
for the presence of blood-sucking vectors on the bodies of the ground 
squirrels in this study. Therefore, the real risks of the pathogens 
identified in this study to the local population and the association 
between the presence of vectors and infected Daurian ground squirrels 
could not be determined. As such, human cases should be identified 
in future studies to reveal the risks to the local population. Second, 
we did not record the age or gender of the captured rodents or the 
rodent numbers in each month because the aim of this study was to 
better understand the genetic diversity of vector-borne Anaplasma, 
Rickettsia, and Bartonella. Therefore, the assessment of the prevalence 
of each pathogen over time or across age groups or sexes of Daurian 
ground squirrels could not be determined. Moreover, rodent samples 
were collected from one sampling site for this study; therefore, 
potential spatial differences could not be determined, resulting in an 
incomplete picture of the intracellular bacterial pathogens in Daurian 
ground squirrels.

In summary, eight vector-borne bacterial species, including six 
that are pathogenic to humans, were molecularly identified in 
Daurian ground squirrels. Our results contributed to the 
characterization of the genetic diversity of bacterial species 
associated with Daurian ground squirrels, such as Rickettsia, 
Anaplasma, and Bartonella. Our results also provided evidence that 
Daurian ground squirrels were potential bacterial hosts. In 
addition, the results suggested that the pathogens could pose 
threats to public health in the local population. Considering that 
there could be an indirect transmission of the above-mentioned 
bacteria from Daurian ground squirrels to humans, potential 
vectors should be identified in future studies.
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Introduction: Hemorrhagic fever with renal syndrome (HFRS) is an acute 
infectious disease comprising five stages: fever, hypotension, oliguria, diuresis 
(polyuria), and convalescence. Increased vascular permeability, coagulopathy, 
and renal injury are typical clinical features of HFRS, which has a case fatality 
rate of 1–15%. Despite this, a comprehensive meta-analyses of the clinical 
characteristics of patients who died from HFRS is lacking.

Methods: Eleven Chinese- and English-language research databases were 
searched, including the China National Knowledge Infrastructure Database, 
Wanfang Database, SinoMed, VIP Database, PubMed, Embase, Scopus, Cochrane 
Library, Web of Science, Proquest, and Ovid, up to October 5, 2023. The search 
focused on clinical features of patients who died from HFRS. The extracted data 
were analyzed using STATA 14.0.

Results: A total of 37 articles on 140,295 patients with laboratory–confirmed HFRS 
were included. Categorizing patients into those who died and those who survived, 
it was found that patients who died were older and more likely to smoke, have 
hypertension, and have diabetes. Significant differences were also observed in the 
clinical manifestations of multiple organ dysfunction syndrome, shock, occurrence 
of overlapping disease courses, cerebral edema, cerebral hemorrhage, toxic 
encephalopathy, convulsions, arrhythmias, heart failure, dyspnea, acute respiratory 
distress syndrome, pulmonary infection, liver damage, gastrointestinal bleeding, 
acute kidney injury, and urine protein levels. Compared to patients who survived, 
those who died were more likely to demonstrate elevated leukocyte count; decreased 
platelet count; increased lactate dehydrogenase, alanine aminotransferase, and 
aspartate aminotransferase levels; prolonged activated partial thromboplastin time 
and prothrombin time; and low albumin and chloride levels and were more likely to 
use continuous renal therapy. Interestingly, patients who died received less dialysis 
and had shorter average length of hospital stay than those who survived.

Conclusion: Older patients and those with histories of smoking, hypertension, 
diabetes, central nervous system damage, heart damage, liver damage, kidney 
damage, or multiorgan dysfunction were at a high risk of death. The results can 
be used to assess patients’ clinical presentations and assist with prognostication.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, 
(CRD42023454553).
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1 Introduction

Hemorrhagic fever with renal syndrome (HFRS) is an acute 
zoonotic infectious disease transmitted by rodents and is mainly 
caused by the Orthohantavirus genus of the Bunyavirus order 
Bunyavirales (Jonsson et al., 2010). More than 50 hantaviruses have 
been identified, among which Old World hantaviruses such as the 
Hantaan virus (HTNV), Dobrava-Belgrade virus (DOBV), Seoul virus 
(SEOV), Amur virus, and Puumala virus (PUUA) viruses are known 
to cause HFRS (Zuo et al., 2011; Jiang et al., 2017; Laenen et al., 2019).

Orthohantavirus has a single-stranded negative-sense RNA 
composed of an S fragment that encodes and forms a nucleocapsid 
protein, an M fragment that encodes a glycoprotein precursor, and an 
L fragment that is synthetically dependent on RNA polymerase and 
other reverse transcriptase (Afzal et al., 2023). It mainly attacks the 
vascular endothelial cells of the human body, resulting in multiorgan 
cell damage; however, the pathogenesis of the disease is not fully 
understood (Vaheri et al., 2013a; Manigold and Vial, 2014). Moreover, 
the clinical symptoms of HFRS caused by different viruses are 
different. PUUV causes mild HFRS symptoms, SEOV causes moderate 
symptoms, and HTNV and DOBV cause severe HFRS symptoms 
(Sehgal et al., 2023).

HFRS first attracted attention in North Korea in 1953. In 1978, the 
virus was isolated by scholars and officially named HTNV (Jiang et al., 
2017). HFRS is endemic in Europe and Asia, with approximately 
100,000 HFRS cases were reported each year, 90% of which occur in 
China (Vaheri et al., 2013a). Its clinical features include acute kidney 
injury, severe thrombocytopenia, coagulopathy, bleeding, and flu-like 
symptoms, which can manifest as mild, severe, or critical (Tariq and 
Kim, 2022). Clinically, the disease comprises five phases: fever, 
hypotension, oliguria, diuresis (polyuria), and convalescence (Jiang 
et  al., 2016). During the febrile phase, the patient presents with 
nonspecific symptoms, including fever, chills, nausea and vomiting, 
and headache (Sehgal et  al., 2023). Symptoms of hypotension, 
leukocytosis, and thrombocytopenia predominate during the 
hypotensive phase, and shock can also occur in patients with severe 
disease (Sehgal et al., 2023). The oliguric phase presents with reduced 
urine output or even anuria, hematuria, or proteinuria. Patients are at 
increased risk of acute renal injury, and > 50% of patients die in this 
period (Sehgal et al., 2023). In the polyuria phase, there is an increase 
in urine output and recovery from kidney damage, while in the 
recovery phase, symptoms such as fatigue and weakness are recovered 
(Jiang et al., 2016; Sehgal et al., 2023). HFRS has a high case fatality 
rate ranging 1–15%, with PUUA mainly caused in Europe and HTNV 
in Asia (Vaheri et al., 2013b; Shirai et al., 2016).

HFRS is a zoonotic disease transmitted through contact with water 
sources, food, and aerosols contaminated with rodent feces, urine, saliva, 
or direct bites (Douron et al., 1984; Shirai et al., 2016). Human-to-human 
transmission has also been reported (Vaheri et al., 2013a). Hantavirus is 
unusually stable and can survive at room temperature for over 10 days 
(Kallio et al., 2006; Hardestam et al., 2007). Unfortunately, the disease 
currently lacks specific antiviral therapies or vaccines and can only 
be treated with supportive care (Zou et al., 2016).

HFRS is associated with high mortality; however, there exists little 
summative evidence-based research on the epidemiology and clinical 
characteristics of HFRS-induced deaths. Therefore, this article 
presents a meta-analysis of the epidemiology and clinical symptoms 
of patients who died from HFRS. The findings may help improve 
clinical understanding and ability to treat patients with HFRS.

2 Methods

2.1 Data sources and searches

On October 5, 2023, English-and Chinese-language databases, 
including PubMed, Scopus, Embase, Web of Science, Proquest, 
Cochrane Library, Ovid, China National Knowledge Infrastructure 
Database, VIP Database, Wanfang Database, and SinoMed, were 
carefully searched. Using search strings such as “Hemorrhagic Fever 
with Renal Syndrome,” “HFRS,” “Hantavirus,” “Epidemic Hemorrhagic 
Fever,” and “Korean Hemorrhagic Fever.” The literature search process 
and results are shown in Figure 1. The study was registered to the 
PROSPERO platform (CRD42023454553).

2.2 Selection criteria

To be  included in this meta-analysis, the study had to feature 
patients that met one or more of the following diagnostic criteria: (1) 
serum-specific IgM positive or serum-specific IgG titers were more 
than four times higher during convalescence than during the acute 
phase, or hantavirus RNA was detected from patient specimens or 
isolation of hantavirus from patient specimens; (2) the study must 
be prospective or retrospective; (3) study results should include the 
total number of deaths and survivors and must provide laboratory 
data for the deceased and survival groups, respectively. Additionally, 
(1) non-Chinese or non-English studies, (2) conferences and literature 
reviews, and (3) duplicate publications were excluded.

2.3 Data extraction and quality assessment

Two independent reviewers (Lu and Tian) carefully reviewed and 
selected all included articles separately. In cases where the inclusion or 
exclusion of a particular study was in question, the reviewers reviewed 
the publication and arrived at a consensus decision. If unable to agree, 
the final decision was made by the third author/reviewer (Kuang).

For all available studies, two independent reviewers evaluated the 
quality of the included studies using the Newcastle–Ottawa Scale 
(NOS). Then, using the sorted table, the two jointly extracted data 
about authors, years, sample size, the patients’ epidemiological and 
personal histories, signs and symptoms, laboratory test results, 
treatment, and final length of hospital stay from all included studies. 
Articles with available full text were carefully read before selection for 
inclusion. Disputes over the data in this study were resolved at the 
discretion of the third reviewer (Kuang).

2.4 Meta–analysis

Statistical analysis was performed using Stata 14.0 software. 
Continuous data are presented as standardized mean differences 
(SMDs), categorical data are expressed as odds ratios (ORs), and 95% 
confidence intervals (CIs). Cochran’s Q and I2 tests were used for 
heterogeneity assessment as follows:
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Here, xi represents study I, si (i = 1, 2…, k).si represents the 
corresponding estimation standard error, x ̄w represents the reciprocal 
of the xi variance estimate, and wi = 1∕si

2. I2 was calculated as follows: 
I2 = 100% × (Q − df)/Q, where Q denotes Cochran’s Q heterogeneity 
statistic, and df denotes the degree of freedom (Hoaglin, 2016). 
Because a value of 0 is considered when I2 is negative, the value of I2 
ranges between 0 and 100%. A p–value of >0.1 and I2 of <50% 
indicate insignificant between-study heterogeneity, a fixed-effect 
model was subsequently used for analysis. Otherwise, sensitivity and 
subgroup analyses were used to determine the source of the 
heterogeneity. If the heterogeneity could not be resolved, a random-
effects model was used. Funnel plots were used to indicate 
publication bias.

3 Results

3.1 Literature search, basic information, 
and quality assessment

A total of 16,313 candidate studies were identified. After removing 
those that did not meet the inclusion criteria, the full text of 485 
articles was read. Finally, 37 articles were included in this study, 
resulting in a total sample size of 140, 295 cases. The quality of all 
included studies was scored using the NOS scale. Information on the 

studies and NOS scale scores are detailed in Table 1. All included 
studies were ≥ 6 stars.

3.2 Sex

A total of 16 articles contain sex-based analyses. The heterogeneity 
test revealed an I2 of 0.00% and p-value of <0.1, indicating low 
heterogeneity between patients who died and those who survived. A 
fixed-effect model was chosen for this study. Ultimately, no significant 
sex-based differences were found between the two groups (OR = 0.991, 
95% CI: 0.809–1.212, p = 0.927; Supplementary Figure S1A). The 
funnel plot appeared symmetric after the decompression of 
publication bias (Supplementary Figure S1B).

3.3 Age

On examining the 11 studies that collected age data, I2 was 74% 
and the p-value was <0.1. A random-effects model revealed that 
patients who died tended to be  older than those who survived 
(SMD = 0.478, 95% CI: 0.21–0.745, p < 0.001; Supplementary  
Figure S2A). After grouping the total number of cases in the included 
studies, subgroup analysis showed that heterogeneity was mainly 
attributable to studies with a total number greater than 300 

FIGURE 1

Flowchart of the literature screening process.
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(Supplementary Figure S2B). In the nine studies that included patients 
>60 years, the heterogeneity test revealed an I2 of 47.8 and 
p-value of <0.1, indicating some heterogeneity in the selected 
literature (Supplementary Figure S2C). The sensitivity analyses 
indicated that the Fu et al. study may have been a major source of the 

observed heterogeneity (Fu and Yang, 2014; Supplementary  
Figure S2D). After removing this study, patients who died were found 
to be 2.409 times more likely to be aged >60 years compared to those 
who survived (95% CI: 1.895–3.063, p < 0.001; Supplementary  
Figure S2E).

TABLE 1 Basic information and quality assessment of the included literature.

Author Year Type Survival Death NOS

Selection Comparability Outcome Scores

Zhu et al. (2014) 2014 Case–control study 171 31 ☆☆☆ ☆☆☆ ☆☆ 8☆

Wang et al. (2023) 2023 Case–control study 233 75 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Wu et al. (1996) 1996 Case–control study 13 8 ☆☆ ☆☆ ☆☆ 6☆

Li et al. (2017) 2017 Case–control study 90 4 ☆☆ ☆☆ ☆☆ 6☆

Tang et al. (2005) 2005 Case–control study 93 10 ☆☆☆ ☆☆ ☆☆ 7☆

Tian and Li (2009) 2009 Case–control study 72 16 ☆☆☆ ☆☆ ☆☆☆ 8☆

Fan (2000) 2000 Case–control study 129 41 ☆☆ ☆☆ ☆☆ 6☆

Zong and Li (2001) 2001 Case–control study 160 9 ☆☆ ☆☆ ☆☆ 6☆

Du et al. (2023) 2023 Case–control study 78 13 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Tian et al. (2022) 2022 Case–control study 137 12 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Du et al. (2021) 2021 Case–control study 91 14 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Du et al., (2014d) 2014 Cohort study 46 29 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Fan et al. (2018) 2018 Case–control study 133 13 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Xiong and He (2006) 2006 Case–control study 180 33 ☆☆☆ ☆☆ ☆☆☆ 8☆

Che et al. (2022) 2022 Case–control study 359 14 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Li et al. (2016) 2016 Case–control study 107 22 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Pan et al. (2001) 2001 Case–control study 127 32 ☆☆☆ ☆☆ ☆☆ 7☆

Du et al. (2014b) 2014 Case–control study 27 21 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Ma et al. (2018) 2018 Case–control study 116 19 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Willemann and 

Oliveira (2014)
2014 Case–control study 281 158 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Luo et al. (2006) 2006 Case–control study 93 14 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Yang (2022) 2022 Case–control study 458 12 ☆☆☆ ☆☆ ☆☆☆ 8☆

Zhang et al. (2015) 2015 Case–control study 375 85 ☆☆☆ ☆☆ ☆☆ 7☆

Hu et al. (2023) 2023 Case–control study 2,113 132 ☆☆☆ ☆☆ ☆☆☆ 8☆

Li (2016) 2016 Case–control study 274 51 ☆☆☆ ☆☆☆ ☆☆☆ 9☆

Guo et al. (2012) 2012 Case–control study 90 30 ☆☆☆ ☆☆ ☆☆☆ 8☆

Du et al. (2014b) 2014 Case–control study 46 31 ☆☆☆ ☆☆ ☆☆☆ 8☆

Ye (2003) 2003 Case–control study 26 5 ☆☆ ☆☆ ☆☆☆ 7☆

Shang et al. (2009) 2009 Case–control study 78 19 ☆☆ ☆☆☆ ☆☆☆ 8☆

Yang (2012) 2012 Case–control study 45 7 ☆☆☆ ☆☆ ☆☆ 7☆

Qin (2015) 2015 Case–control study 26 10 ☆☆ ☆☆ ☆☆ 6☆

Xiong et al. (2012) 2012 Case–control study 348 21 ☆☆ ☆☆ ☆☆ 6☆

Fu and Yang, (2014) 2014 Case–control study 122,085 1,391 ☆☆☆ ☆☆ ☆☆☆ 8☆

Liu et al. (2017) 2017 Case–control study 1,536 7 ☆☆☆ ☆ ☆☆☆ 7☆

Du et al. (2014c) 2014 Case–control study 29 26 ☆☆ ☆☆ ☆☆ 6☆

Wu et al. (2014) 2014 Case–control study 7,220 78 ☆☆☆ ☆☆ ☆☆ 7☆

He et al. (2023) 2023 Case–control study 302 15 ☆☆☆ ☆☆☆ ☆☆ 8☆
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3.4 Epidemiology and personal history

Five studies examined onset season (whether the onset occurred 
in October through December) and found no significant between-
group difference (OR = 1.194, 95% CI: 0.699–2.039, p = 0.517; 
Supplementary Figure S3A). In the eight articles that included data on 
patient occupation (farmer or non-farmer), there were no significant 
between-group differences (OR = 1.047, 95% CI: 0.522–2.098, 
p = 0.897; Supplementary Figure S3B). In the study on patients’ 
personal histories, significantly more patients who died were smokers 
than those who survived [the smoking rate was 1.357 times higher 
among those who died than among those who survived (95% CI: 
1.030–1.787, p = 0.030; Supplementary Figure S3C)]. There was no 
significant between-group difference in alcohol consumption 
(OR = 1.007, 95% CI: 0.715–1.42, p = 0.966; Supplementary Figure S3D).

3.5 Hospital admissions

Basic information collected from patients on admission included 
their temperature at admission and the onset time. A total of seven 
studies analyzed the time from onset to hospital stay. Using a fixed-
effect model, it was found that the onset time among patients who 
died was lower than that among those who survived (SMD = −0.391, 
95% CI: −0.521 to −0.260, p < 0.001; Supplementary Figure S4A). 
However, four studies on body temperature at admission found no 
significant difference between the two groups (SMD = −0.006, 95% CI: 
−0.202 to 0.190, p = 0.951; Supplementary Figure S4B).

3.6 Comorbidities

The patients’ main comorbidities included diabetes, hypertension, 
and coronary heart disease. Five articles included data on patients 
with diabetes, and the incidence of comorbid diabetes was 1.991 times 
higher among patients who died than among those who survived 
(95% CI: 1.080–3.670, p = 0.027; Supplementary Figure S5A). Five 
studies collected data on hypertension; the incidence of hypertension 
was 2.811 times higher among patients who died than among those 
who survived (95% CI: 2.009–3.933, p < 0.001; Supplementary  
Figure S5B). Three studies who examined patients with coronary 
disease were included, and no significant between-group differences 
were observed (OR = 6.849, 95% CI: 0.547–76.951, p = 0.138; 
Supplementary Figure S5C).

3.7 Clinical manifestations

Four studies collected data on multiple organ dysfunction 
syndrome (MODS). Patients who died were 76.93 times more likely 
to demonstrate MODS complications (95% CI: 12.689–466.432, 
p < 0.001; Supplementary Figure S6A) than those who survived. A 
total of four studies analyzed shock symptoms, and it was found that 
shock was 24.075 times more likely in patients who died than in those 
who survived (95% CI: 8.941–64.825, p < 0.001; Supplementary  
Figure S6B). Four studies described overlapping disease courses, and 
it was found that the probability of death was 4.412 times higher than 
that of survival (95% CI: 1.744–11.158, p = 0.002; Supplementary  

Figure S6C). Eleven studies collected data on bacteremia; there was 
no significant between-group difference in the incidence of concurrent 
bacteremia (OR = 1.997, 95% CI: 0.953–4.185, p = 0.067; 
Supplementary Figure S6D).

In studies involving patients with craniocerebral injuries, six 
analyzed symptoms of cerebral edema. Patients who died had 12.566 
times higher incidence of cerebral edema than those who survived 
(95% CI: 4.428–35.659, p < 0.001; Supplementary Figure S7A). Three 
studies analyzed toxic encephalopathy, and patients who died had 9.71 
times higher incidence than those who survived (95% CI: 2.847–33.12, 
p < 0.001; Supplementary Figure S7B). Three studies analyzed 
symptoms of brain hemorrhage; the incidence was 88.652 times 
higher among patients who died than among those who survived 
(95% CI: 31.454–249.863, p < 0.001; Supplementary Figure S7C). In 
three studies that analyzed twitch, the incidence was 9.341 times 
higher among those who died than among those who survived (95% 
CI: 1.721–50.397, p = 0.010; Supplementary Figure S7D).

Among patients with concurrent cardiac injuries, four had 
arrhythmia. Patients who died had a 4.337 times higher incidence of 
arrhythmia than those who survived (95% CI: 1.046–18.307, p = 0.043; 
Supplementary Figure S8A). Further, the incidence of heart failure 
was 5.55 times higher among those who died than among those who 
survived (95% CI = 3.638–9.609, p < 0.001; Supplementary Figure S8B).

Four studies analyzed patients with symptoms of lung injury. The 
incidence of dyspnea was 2.916 times higher (95% CI: 1.377–6.176, 
p = 0.005; Supplementary Figure S9A), the incidence of acute 
respiratory distress syndrome (ARDS) was 19.068 times higher (95% 
CI: 8.105–44.86, p < 0.001; Supplementary Figure S9B), and the 
incidence of lung infections was 3.58 times higher among those who 
died than among those who survived (95% CI: 1.399–9.158, p = 0.008; 
Supplementary Figure S9C).

Four studies analyzed digestive complications—including liver 
injury; here, the mortality rate was 3.905 times higher among those 
who died than among those who survived (95%CI: 1.98–7.703, 
p < 0.001; Supplementary Figure S10A). Of the 10 studies that analyzed 
gastrointestinal bleeding, the incidence was 2.784 times higher among 
those who died than among those who survived (95% CI: 1.602–4.839, 
p < 0.001; Supplementary Figure S10B).

Five studies on urinary system injuries included patients with 
acute kidney injury (AKI). The incidence of acute kidney injury was 
0.323 times lower among those who died (95% CI: 0.114–0.911, 
p = 0.033; Supplementary Figure S11A) than among those who 
survived. Three studies analyzed urine protein levels; patients who 
died were 2.117 times more likely to demonstrate abnormal urine 
protein levels (95% CI: 1.602–4.839, p < 0.001; Supplementary  
Figure S11B) than those who survived.

3.8 Laboratory test results

Eleven studies analyzed white blood cell counts (WBC); elevated 
WBC counts were more common among patients who died 
(SMD = 0.717, 95% CI: 0.279–1.154, p = 0.001; Supplementary  
Figure S12A) than among those who survived. Thirteen studies 
analyzed platelet counts; here, patients who died were more likely to 
demonstrate reduced platelet counts (SMD = −1.072, 95% CI: −1.806 
to −0.377, p = 0.004; Supplementary Figure S12B) than those who 
survived. Six studies analyzed hemoglobin levels, collectively revealing 
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no significant between-group differences (SMD = −0.157, 95%  
CI: −0.586 to 0.273, p = 0.475; Supplementary Figure S12C).

Three studies assessed lactate dehydrogenase levels. Patients who 
died were more likely to have elevated lactate dehydrogenase levels 
(SMD = 2.015, 95% CI: 0.524–3.506, p = 0.008; Supplementary  
Figure S13A) than those who survived. Similar results were found for 
aspartate aminotransferase (AST) (SMD = 1.067, 95% CI: 0.645–1.490, 
p < 0.001; Supplementary Figure S13B) and alanine aminotransferase 
(ALT) levels (SMD = 0.829, 95% CI: 0.258–0.936, p = 0.002; 
Supplementary Figure S13C). Five studies analyzed prothrombin time 
(PT), revealing that PT prolongation was more common among 
patients who died (SMD = 1.145, 95% CI: 0.426–1.827, p < 0.001; 
Supplementary Figure S13D) than among those who survived. Five 
studies analyzed activated partial thromboplastin time (APTT). Here, 
patients who died had significantly higher APTT levels than those 
who survived (SMD = 1.154, 95% CI: 0.436–1.873, p = 0.002; 
Supplementary Figure S13E). Nine studies included data on albumin 
levels. Patients who died had lower albumin levels than those who 
survived (SMD = −0.574, 95% CI: −0.855 to −0.293, p < 0.001; 
Supplementary Figure S13F). Patients who died were significantly 
more likely to demonstrate lower chloride ions (SMD = −0.449, 95% 
CI: −0.875 to −0.024, p = 0.038; Supplementary Figure S13G) and 
fibrinogen levels (SMD = −0.626, 95% CI: −0.8285 to 
−0.242, p < 0.001; Supplementary Figure S13H) than those who  
survived.

Across all examined studies, no significant differences were found 
in urea nitrogen (SMD = 0.362, 95% CI: −0.016 to 0.741, p = 0.061; 
Supplementary Figure S14A), serum creatinine (SMD = −0.007, 95% 
CI: −1.146 to 1.133, p = 0.991; Supplementary Figure S14B), sodium 
ions (SMD = −0.537, 95% CI: −1.09 to 0.015, p = 0.057; 
Supplementary Figure S14C), potassium ions (SMD = 1.147, 95% CI: 
−0.475 to 2.769, p = 0.166; Supplementary Figure S14D), and total 
bilirubin (SMD = 0.454, 95% CI: −0.028 to 0.936, p = 0.065; 
Supplementary Figure S14E) levels between those who died with those 
who survived.

3.9 Treatment

Interestingly, patients who died used more continuous renal 
replacement therapy (OR = 4.487, 95% CI: 1.186–16.981, p = 0.027; 
Supplementary Figure S15A) and less dialysis than those who survived 
(OR = 0.304, 95% CI: 0.201–0.459, p < 0.001; Supplementary  
Figure S15B). Four studies noted rates of mechanical ventilation, 
identifying no significant between-group differences (OR = 4.709, 95% 
CI: 0.471–47.118, p = 0.187; Supplementary Figure S15C).

3.10 Hospitalization

Nine studies included length of hospital stay as a dependent 
variable, with I2 > 50% and p-value <0.1. Consequently, a random-
utility model was used to determine that patients who died had a 
shorter average length of hospital stay than those who survived 
(SMD = −1.426, 95% CI: −2.168 to −0.685, p < 0.001; 
Supplementary Figure S16A). The source of this heterogeneity 
comprised literature published between 2018 and 2022 after subgroup 
analysis (Supplementary Figure S16B).

4 Discussion

HFRS is an infectious disease mainly endemic to Asia and Europe, 
with China and South Korea being the main endemic regions (Jiang 
et al., 2016; Dong et al., 2019); however, its incidence throughout 
Europe and Asia is increasing. Consequently, HFRS is a serious public 
health concern in its endemic regions.

Although HFRS is more common in men than in women, women 
are at a higher risk of death from the condition (Klein et al., 2011). 
Surprisingly, we found no significant sex-based was found between 
patients who died and those who survived; however, older patients 
were at a higher risk of death. Fu et al.’s well-powered study found that 
patients aged >60 years were at a higher risk of death (Fu and Yang, 
2014). The present study’s sensitivity analysis revealed considerable 
heterogeneity in results, possibly attributed to the large sample size of 
the Fu et al. study; however, the risk of death in patients aged >60 years 
remained high even after the removal of this study. This disparity may 
be  related to older patients’ immune statuses, underlying medical 
conditions, and the prevalence of immunization among adolescents 
(He et al., 2013).

Studies that reported personal history data found that smokers 
were at a higher risk of death than nonsmokers. Other studies found 
smoking to be a risk factor for HFRS infection, given the ability of 
nicotine to increase oxidative stress and damage the kidneys (Laine 
et al., 2012; Arany et al., 2013; Tervo et al., 2015; Latronico et al., 2018). 
However, no significant between-group difference in alcohol 
consumption was observed, similar to the findings reported by Tervo 
et al. (2022). Mantula et al. (2017) showed that hyperglycemia is a risk 
factor for poor prognosis in patients with HFRS. In these studies, 
patients with diabetes were at a higher risk of death (Mantula et al., 
2017; Tietavainen et al., 2019, 2021). It is hypothesized that this may 
be related to the ability of diabetes to increase endothelial dysfunction 
through oxidative stress (Karan et  al., 2020). More patients with 
hypertension died, and studies have also shown that hypertension 
affects long-term prognosis in patients with HFRS (Latus et al., 2015), 
likely because of the association between vascular endothelial damage 
and aggravated hypertension.

Similar to Jiang et al.’s findings, patients who died were more likely 
to demonstrate multistage overlap (Jiang et al., 2016), including shock 
and multiorgan damage, central nervous system damage, and injuries 
to the lungs, heart, liver, and kidneys. These effects could be caused by 
the invading hantavirus’s effects on the endothelial cells of the host’s 
organs, eliciting a strong immune response (Liu et al., 2019). Patients 
who died also had a higher rate of ARDS than those who survived, 
potentially attributable to acute progressive noncardiogenic 
pulmonary edema (Zou et al., 2016).

Similarly, our studies on patients’ cardiovascular systems showed 
higher rates of heart failure and arrhythmias among those who died 
than among those who survived. A Swedish study also showed that 
cardiovascular disease frequently causes HFRS-related deaths 
(Connolly-Andersen et al., 2013). Patients in the concomitant death 
group were more likely to demonstrate proteinuria, typical of 
HFRS. Additionally, proteinuria is a known risk factor for HFRS 
complicated by acute pancreatitis (Wang et al., 2023).

Furthermore, laboratory analyses results revealed that patients 
who died had lower platelet counts than those who survived. This 
could have resulted from impaired platelet production, impaired 
thrombin aggregation during hantavirus infection, and 
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hantavirus-guided resting platelets adhering to infected endothelial 
cells, leading to circulating thrombocytopenia (Gavrilovskaya et al., 
2010; Laine et al., 2015). Thrombocytopenia is associated with HFRS 
and severe kidney damage and is frequently considered when 
diagnosing HFRS (Denecke et al., 2010). Similarly, patients who died 
had prolonged PT and APTT, potentially resulting from tissue factor 
upregulation caused by the inflammatory storm, leading to 
coagulation dysfunction and ultimately increasing endothelial cell 
permeability (Puhlmann et  al., 2005). Among patients who died, 
elevated WBC count was associated with inflammation; the cytokine 
storm in HFRS patients could also lead to leukocyte extravasation by 
affecting the permeability of endothelial cells (Nourshargh and Alon, 
2014). Decreased fibrinogen in patients with HFRS who died may 
be  due to the lysis of prothrombin into fibrin monomers during 
coagulation (Koskela et al., 2021; Sehgal et al., 2023). Patients who 
died had higher AST and ALT levels than those who survived 
(routinely measured in patients with HFRS). Hantaviruses can invade 
multiple organ systems, and AST abnormalities are associated with a 
poorer prognosis (He et al., 2023).

In the present study, patients who died while receiving 
supportive care for HFRS were more likely to receive renal 
replacement therapy. Sargianou et  al. showed that timely and 
correct supportive care improved survival with HFRS (Sargianou 
et al., 2012). Furthermore, continuous renal therapy was previously 
deemed suitable for patients with severe HFRS, those with 
multiorgan damage, and those with encephalopathy and other 
complications, consistent with the present study results (Jiang 
et  al., 2016). Interestingly, it was found that AKI was more 
pronounced in patients who survived than in those who died. 
Outinen et al.’s (2015) study also reported that severe AKI is not a 
risk factor for HFRS-induced death in patients. This is because 
patients who died are more likely to have overlapping stages of 
fever, hypotension, and oliguria, and are in a critical condition that 
might result in death from other fatal comorbidities, such as ARDS 
(Du et al., 2014a). The overlapping phase of HFRS usually occurs 
early in the course of the disease, when acute renal failure, one of 
the severe stages of AKI, has not yet developed or been detected. 
Timely dialysis treatment can also improve the prognosis of 
patients with acute renal failure (Mehta et al., 2007; Zhu et al., 
2014). In contrast, urine protein appears significantly earlier than 
acute kidney failure and has been shown to be a risk factor for the 
prognosis of HFRS (Mantula et al., 2017).

This study has several limitations that should be considered. First, 
only English and Chinese articles were reviewed; studies in Spanish, 
French, or other languages were not included, potentially introducing 
bias. Second, between-group comparisons of viral loads were lacking. 
Third, the study data were insufficient for meta-analyzing patients’ 
inflammatory factor storms, resulting in some heterogeneity in the 
study results, and the possibility of bias. Therefore, additional well-
powered investigations are needed in the future.

5 Conclusion

The present meta-analysis results demonstrated a significant 
difference between patients who died and those who survived. 

Specifically, patients who died demonstrated more severe disease than 
those who survived. Patients with personal histories of smoking, 
diabetes, and high blood pressure were at a higher risk of death than 
those who survived. Patients who died also demonstrated more severe 
damage to the central nervous system, lungs, and heart, and 
significantly fewer platelets and higher urine protein levels than those 
who survived (Supplementary Table S1). These findings can be used 
to assess clinical practice methods and to ascertain prognosis.
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