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Abstract: Rickettsia species causing human illness are present globally and can cause significant
disease. Diagnosis and identification of this intracellular bacteria are challenging with many available
diagnostic modalities suffering from several shortcomings. Detection of antibodies directed against
Rickettsia spp. via serological methods remains widely used with a broad range of sensitivity and
specificity values reported depending on the assay. Molecular methods, including polymerase
chain reaction (PCR) testing, enables species-specific identification with a fast turnaround time;
however, due to resource requirements, use in some endemic settings is limited. Reports on the use
of next-generation sequencing (NGS) and metagenomics to diagnose Rickettsia spp. infection have
been increasing. Despite offering several potential advantages in the diagnosis and surveillance
of disease, genomic approaches are currently only limited to reference and research laboratories.
Continued development of Rickettsia spp. diagnostics is required to improve disease detection and
epidemiological surveillance, and to better understand transmission dynamics.
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1. Introduction

The first Rickettsia spp. was isolated in 1909 by Ricketts [1]; however, despite significant
advances in diagnostics, infections caused by rickettsiae remain challenging to identify.
Rickettsiae are obligate intracellular Gram-negative bacteria, transmitted via an arthropod
vector (tick, fleas, lice or mites) from wild or domestic vertebrate hosts. The genus Rickettsia
is classified into two major groups: the spotted fever group (SFG) and the typhus group
(TG). More than 30 species are included in the SFG; such as R. rickettsii (Rocky Mountain
Spotted Fever (RMSF)) [2], R. conorii (Mediterranean Spotted Fever) [3], R. africae (African
Tick Bite Fever), and R. australis (Queensland Tick Typhus) [4,5]. The TG rickettsiae include
R. typhii (murine typhus) and R. prowazekii (epidemic typhus) [6]. Rickettsial infections
occur worldwide, with the geographic distribution of each species dependent on the vector,
natural host, and climate [7]. An increasing incidence of rickettsial infections has been
reported globally and the geographic distribution is expanding [5,8,9]. Due to the interplay
between humans, vector, and natural host, rickettsial infections often occur in rural and
remote areas. Rickettsial infections are an important cause of undifferentiated febrile illness
in endemic settings but are frequently unrecognised [10–12]. Fever and seroprevalence
studies have demonstrated a significant burden of rickettsial disease globally [13]; however,
they remain a neglected disease [14].

Rickettsiae are introduced into the skin and spread via the lymphatic and circulatory
systems to the systemic and pulmonary circulations [15]. From here, they seek to attach
to their target cell. For the majority of Rickettsia spp., the target cell is the endothelial
cell; however, R. akari is known to target the macrophage [16]. Rickettsia spp. escape
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the phagosome and proliferate intracellularly [17]. R. akari is able to disseminate via
circulating macrophages, whereas other Rickettsia spp. achieve rapid cell-to-cell spread
through hundreds of contiguous infected endothelial cells [18]. This results in a wide
spectrum of disease, from a self-limiting febrile illness to life-threatening, multi-organ
failure [19,20]. In addition, the intracellular location of Rickettsia spp. makes direct organism
detection difficult in the laboratory. Clinical features include fever, headache, myalgia,
and rash. An eschar may develop at the site of inoculation and provide a diagnostic clue;
however, the development of an eschar varies in incidence depending on the Rickettsia
species [11]. In severe disease, complications may include renal failure, myocarditis,
meningoencephalitis, pneumonitis, acute respiratory distress syndrome, and purpura
fulminans [21]. In part, disease severity depends on the causative Rickettsia species and
their associated virulence factors-RMSF and epidemic typhus lead to a more severe disease
course, whereas African tick bite fever is typically a mild disease [20]. Host factors,
such as older age, co-morbidities (e.g., diabetes and alcoholism), and glucose-6-phosphate
dehydrogenase deficiency, also influence disease severity [20,22]. Anti-rickettsial antibiotics
are highly effective when commenced early in the disease course [23], highlighting the
importance of prompt diagnosis.

2. Current Challenges in Diagnosis

Both the clinical and laboratory diagnoses of rickettsial infections are challenging,
which can lead to a lack of recognition or delay in diagnosis [21]. Syndromic diagnosis is
problematic due to the non-specific clinical features, which may be attributed to a viral
infection; bacterial sepsis; or another infectious disease endemic to the region, such as
malaria, dengue, typhoid, or leptospirosis [10,22]. When a rickettsial infection is considered
within the differential and anti-rickettsial antibiotics are commenced, defervescence within
48 h is often used as a diagnostic test [22]. However, a significant proportion of patients with
confirmed rickettsial infections may have persisting fevers past this time point, particularly
in severe disease [24]. Laboratory diagnosis relies heavily on serology, with interpretation
of results dependent on appropriate epidemiology, a clinically compatible illness, and the
phase of rickettsial disease when testing occurs [22]. Serological evidence of rickettsial
infection does not become apparent until the second week of disease [22,25]. Hence, in
the first seven days after symptom onset, when patients are most likely to present for
medical care, serology is typically negative. A confirmed serological diagnosis requires
acute and convalescent serology, demonstrating a fourfold rise or greater in titres. In many
settings, obtaining convalescent serology at 10–14 days after symptom onset does not occur,
as most patients have recovered by this time and no longer require medical care. When
a single serological sample is obtained, interpretation of results is challenging and must
be carefully correlated with the time from symptom onset. A non-reactive or low-titre
result does not exclude a diagnosis of rickettsial infection if the sample is taken within
the first seven days of illness. A reactive result, particularly of high titre in the second
week of illness, may be indicative of a rickettsial infection but does not provide a definitive
diagnosis. Hence, other causes of reactive rickettsial serology, such as long-term persistence
of antibodies from a previous infection or cross-reactivity with another pathogen, must
also be considered [22]. Molecular diagnostic tests are able to detect rickettsiae in the acute
phase of illness; however, the cost and laboratory expertise required preclude their use in
many endemic settings [21]. In settings with sophisticated laboratory facilities, molecular
techniques may provide an accurate diagnosis when a rickettsial infection is considered
within the differential early in the illness. The combined limitations of current serological
and molecular diagnostics mean that diagnosis in the acute phase remains elusive, and
empirical treatment is often given without any subsequent confirmation of diagnosis. The
challenges in diagnosis perpetuate the neglected nature of rickettsial infections-without
confirmation of cases, the true burden of disease is underestimated, leading to lack of
development in diagnostics and ongoing under appreciation of clinical significance [14].
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3. Serology

Serology has been the mainstay for diagnosis of rickettsial infections since 1916, with
the development of the Weil-Felix test [26]. Advancements in serological assays have
provided greater sensitivity and specificity; however, they remain an imperfect diagnostic
tool. Currently, the indirect immunofluorescence assay (IFA) is the reference-standard
serological assay, however, due to cost, laboratory equipment, and technical expertise
required, other assays remain in use.

The Weil-Felix test (WFT) is a non-specific heterophile agglutination reaction, utilis-
ing cross-reactivity between rickettsiae and various Proteus serotypes (P. vulgaris OX-19
antigen (Ag)-TG antibody (Ab); P. vulgaris OX-2 and OX-19 Ag-SFG Ab) for detection
of anti-rickettsial antibodies [25]. Agglutinating antibodies, mainly IgM, are detectable
5–10 days after symptom onset [25]. Poor sensitivity and specificity of the WFT have been
demonstrated for all rickettsial groups (Table 1), and the test is now rarely used; however,
in some resource-limited settings, this remains the only test available [13,21,25,27]. As
serological techniques developed, complement fixation and latex agglutination tests were
used, but these have now largely been replaced by IFA [28].

The indirect immunofluorescence assay is performed using fluorescein-labelled con-
jugate to detect serum antibodies to rickettsial antigens fixed to a slide [22]. The majority
of laboratories test perform IgG IFA, as IgM antibodies do not appear significantly earlier
and are less specific [22]. High rates of false positivity have been demonstrated with anti-R.
conorii IgM, due to reaction with non-specific lipopolysaccharides [29] and similar im-
munogenic false-positive IgM results occur with R. rickettsii and other SFG rickettsiae [30].
However, IFA IgG assays demonstrate high sensitivity (83–100%) and specificity (91–100%)
from the second week of illness onwards, for both SFG and TG infections (Table 1) [28,31–34].
Results are dependent on the antigens used in the assay; commercially, a limited number
of established species (e.g., R. rickettsii or R. conorii) are often included, and cross-reactivity
between SFG rickettsiae is utilised to facilitate group-level diagnosis [22,35]. Identification
to the species level for SFG infections is typically only available in rickettsial reference
laboratories, where in-house IFA, microimmunofluorescence, Western blot, and cross-
adsorption assays can be performed [7,35]. Cross-reactivity also occurs between SFG and
TG rickettsiae [7,22], which may preclude group-level identification. Results from IFA
are reported quantitatively as titres; however, reading of slides is prone to subjectivity.
Additional limitations include the need for a fluorescence microscope, with corresponding
laboratory facilities and expertise. An alternative to IFA, utilising a similar technique, is
the indirect immunoperoxidase test (IIP). The use of peroxidase instead of fluorescein
facilitates the reading of slides by light microscopy [25], and, consequently, IIP can be
performed in less sophisticated laboratories.

Microimmunofluorescence (MIF) allows for simultaneous detection of multiple rick-
ettsial antigens in a single well [7,25]. This can assist in differentiation of species; if a species
demonstrates a fourfold higher dilution compared to others, this may be suggestive of a
causative organism [35]. However, this is not definitive, as, once again, cross-reactions
can hinder this technique. Western blotting and cross-adsorption assays may overcome
this issue. Western blot analysis allows detection of both non-specific lipopolysaccharide
(LPS) and species-specific surface protein antigens (SPA), facilitating species-level diagno-
sis [25,36]. Cross-adsorption assays further increase specificity by demonstrating removal
of homologous and heterologous antibodies when the patient serum is incubated with
antigens of the causative species [25,36]. However, these methods are expensive, require
technical expertise, and are limited to reference laboratories [25].

Enzyme-linked immunosorbent assay (ELISA) for IgM or IgG for SFG and TG rick-
ettsial infections is widely used and is better suited to low-resource settings due to the
ability for batch testing and reduced need for technical expertise [21,22,35]. High sensi-
tivity and specificity have been demonstrated in all rickettsial groups (Table 1) [21,35].
Optical density (OD) readers eliminate reader bias but have the disadvantage of only
providing qualitative results (reactive or non-reactive). Typically, an OD ≥ 0.5 is used as a
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diagnostic cut-off; however, independent validation is lacking [35]. Recently, quantitative
ELISA has been developed for SFG rickettsial infections, moving away from arbitrary OD
cut-offs and instead calculating cut-offs directly from negative controls, with final results
reported in titres [37]. Together, these advancements allow for more accurate and objective
interpretation of results [37].

Further issues with serological diagnosis include the lack of standardisation for IFA
cut-off values or the antibody isotypes used (IgM, IgG, or whole Ab) [38–41]. For example,
in the diagnosis of murine typhus, the IgG positivity cut-off titre ranges from ≥ 1:40 in
Spain to > 1:960 in Nepal [38]. Determining accuracy for positive and negative results is
dependent on an understanding of background immunity in endemic and non-endemic
settings [21]. Anti-rickettsial antibodies can remain detectable for months (IgM) to years
(IgG) after an infection, which makes it challenging to differentiate acute infection from
a sub-clinical infection or previous exposure [22]. In endemic settings, higher diagnostic
cut-off values have been suggested, with locally validated positivity cut-off values where
possible [38,41]. Region-specific ELISA OD diagnostic cut-offs based on local epidemiology
are also required. The clinical importance of establishing appropriate diagnostics cut-offs
cannot be understated. If the cut-off is too low for the epidemiological context, there will
be high numbers of false-positive results, with overdiagnosis and unnecessary treatment
ensuing. However, if the cut-off is too high, then patients with rickettsial infections may
remain undiagnosed and at risk of severe disease and life-threatening complications.

Improvement in current serological tests requires attention, in conjunction with further
development of accurate point-of-care tests, to enable use of diagnostics where they are
most needed in rural and remote settings. Progress has been made with rapid diagnostic
tests for scrub typhus; however, further development is required for SFG and TG rickettsial
infections [35].

Table 1. The comparison of sensitivity and specificity of serological tests for diagnosis of spotted fever group rickettsioses
and murine typhus.

Disease Serological Assay Sensitivity (%) Specificity (%) References

Spotted fever
group rickettsioses

WFT 21–70 46–96 [31,41–44]
IFA IgM 83–85 100 [31,33]
IFA IgG 85–100 99–100 [28,31–33]

ELISA IgM 91–100 94–100 [32,42]
ELISA IgG 83–100 87–100 [32,41]

Murine typhus

WFT 56–81 96–98 [45]
IFA IgM 53–100 91–99 [28,34]
IFA IgG 83–100 91–100 [28,34]

ELISA IgM 45–98 91–98 [34]
ELISA IgG 100 83 [34]

WFT: Weil-Felix test; IFA: immunofluorescence assay; ELISA: enzyme-linked immunosorbent assay.

4. Direct Detection of Rickettsia Species from Clinical Specimens

Nucleic acid amplification tests (NAAT) and immunohistochemistry (IHC) assays
are available to aid in the direct detection of Rickettsia spp. (Table 2) [7,46]. This has
enabled identification to species level, although for clinical purposes, species-specific
diagnosis may not be necessary. IHC has the advantage of being able to be performed on
formalin-fixed tissue specimens; it has been used to detect R. rickettsii, R. conorii, R. africae,
R. typhi, R. prowazekii, and R. akari [47–50]. Typically, monoclonal antibodies targeting
the lipopolysaccharide have been used to detect rickettsiae in IHC testing [51]. Eschar
tissue is a useful specimen used for detection by IHC of rickettsiae commonly associated
with this skin lesion (R. akari, R. parkeri, R. conorii, and R. africae) [50,52]. Care should
be taken when handling and processing clinical specimens for IHC, as denaturation of
species-specific antigens has occurred, which may lead to false-negative results. Detection
of R. conorii in circulating endothelial cells has been achieved [53]. This method uses



Pathogens 2021, 10, 1319 5 of 11

magnetic beads, which are coated with monoclonal antibodies directed against human
endothelial cell surface antigens; an immunofluorescent stain is then performed to detect
intracellular rickettsiae.

NAAT has been used to identify numerous Rickettsia species directly from clinical
specimens [7,54,55]. Patient specimens have included blood, buffy coats, plasma, tissue
(fresh, frozen, and paraffin-embedded), and swabs from the base of ulcers [56–58]. Many
different molecular probes and primers have been used to identify Rickettsia DNA, includ-
ing 16S rRNA gene, gltA (citrate synthase), ompA (outer membrane protein A), sca0, sca4
and sca5 (outer membrane proteins), HSP60, and genes encoding lipoproteins (17-kDa
antigen) [7,21,59]. Rickettsia organisms can be detected during the early phase of illness,
including in patients who are treated with antibiotics, with NAAT being slightly more
sensitive when compared to isolation and cultivation. Conventional, nested, and real-time
PCR techniques have all been utilised for detection [60]. Rickettsia DNA present in blood
is likely limited in quantity and short-lived in acute infection, making clinical sensitivity
of the assay suboptimal. This is mainly due to most Rickettsia spp. infecting endothelial
cells and not circulating blood cells. In animal models, detection of rickettsial DNA in the
blood occurs only intermittently, is short in duration, and is greatly affected by initiation of
antibiotic therapy [61]. In one study evaluating a genus-wide NAAT for the detection of
Rickettsia spp. from whole blood samples, sensitivity ranged from 6 to 69% when compared
to the gold standard (serological diagnosis) [62]. A high volume of Rickettsia spp. DNA
detected from blood may correlate with severe or fatal outcomes; this was especially true in
R. rickettsii infections [63]. Sensitivity of Rickettsia PCR is far greater on tissue samples when
compared to blood; this is particularly true in eschar samples where sensitivity can be as
high as 92% [64]. Frequency of eschar has been noted to be < 1, 72, and 32–95% for RMSF,
Boutonneuse fever, and African tick bite fever, respectively [65,66]. Grouped and nested
PCR assays used on clinical samples to distinguish spotted fever group and typhus group
Rickettsia spp. have been developed and used for many years and have demonstrated good
sensitivity and specificity [67–69]. A limitation of this approach is the lack of speciation,
which is often useful for clinical management and epidemiological purposes.

Table 2. The comparison of sensitivity and specificity of immunologic detection, molecular methods, and isolation of
Rickettsia spp.

Assay Type Specimen Species Sensitivity (%) Specificity (%) References

Immunohistochemistry Skin R. rickettsii, SFG
rickettsioses 70 100 [47,48]

Immunohistochemistry Eschar O. tsutsugamushi 65 100 [50]

Immunocytochemical Blood (circulating
endothelial cells) R. conorii 50 94 [53]

PCR Blood R. rickettsia 6–69 90–100 [54,55]
PCR Eschar R. rickettsia, R. parkeri 70–92 95–100 [50,52]

Isolation Plasma, buffy coat, skin R. conorii, O.
tsutsugamushi 59 - [55]

PCR: Polymerase chain reaction; SFG: spotted fever group.

5. Genomic Approaches in the Diagnosis of Rickettsia Species Infection

Direct detection of Rickettsia species through PCR methods relies on the identification
of a single or limited number of pathogens through individual primers or probes [7,55]. By
sequencing and characterising all DNA or RNA within a clinical specimen, metagenomic
approaches have become useful in the laboratory diagnosis of infectious diseases [70,71].
Improved speed, accuracy, and cost of next-generation sequencing (NGS) platforms have
largely been the driving factors for implementing this method in clinical laboratories. In
addition to characterising microbial communities, metagenomics is able to perform well in
identifying pathogens that are intracellular, difficult to culture, or may not present their
molecular target (e.g., partial DNA sequences) [72]. Acute infection due to Rickettsia spp. is
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often difficult to diagnose due to a multitude of factors, including a transient bacteraemia
phase of illness, requirement of cell culture methods for isolation, poor sensitivity of
serology early in disease, and use of effective empirical antibiotics.

Reports of the successful use of clinical metagenomics in the diagnosis of Rickettsia
spp. infection have been growing. Deep sequencing methods on blood have been used
to diagnose Rickettsia honei infection in a middle-aged woman with fever, rash, and septic
shock [73]. Standard clinical testing did not identify an infectious aetiology and serologic
tests for Rickettsia were negative; despite administration of doxycycline, the patient died
rapidly. Metagenomic analysis performed on an eschar biopsy was able to identify Rickettsia
sibirica subsp. sibirica in a 50-year-old male from Qinghai Province, China [74]. The
surgically excised eschar was rich in Rickettsia DNA recovered from high-throughput
sequencing; 85% of rickettsial unique reads (226/266 (85%)) were 100% identical to R.
sibirica subsp. sibirica. A cohort of 10 patients with murine typhus infection underwent NGS
of microbial cell-free deoxyribonucleic acid (mcfDNA) to identify R. typhi [75]. Sequencing
of R. typhi mcfDNA was more rapid and specific than serology and was able to change
clinical management in half of the cases. NGS has also been used to detect R. typhi and
diagnose murine typhus in two pregnant women [76]. R. typhi DNA was detected in both
cases using a commercial assay (The Karius® Test). A high-throughput 16S V1-V2 rRNA
gene-based metagenomics assay used for detection of bacterial tick-borne pathogens has
been developed [77]. This assay performed well in accurate identifying Rickettsia species.
Outside of the clinical diagnosis of Rickettsia spp. infection, metagenomic sequencing of
ticks has also been able to identify a range of tick-borne pathogens; this includes those with
pathogenic potential that have yet to be associated with human disease [78,79].

The value of DNA sequence data from Rickettsia species causing human infection holds
potential to extend beyond diagnosis. The epidemiology and distribution of pathogenic
Rickettsia spp. among humans and animals have relied on seroprevalence surveys, which
are fraught with error and give a low-resolution depiction of the burden of disease [80,81].
Amplicon-based NGS has been used for entomological surveillance of spotted-fever group
Rickettsia spp. in Thailand [82]. Metagenomic sequencing of samples obtained from vectors,
humans, and animals will be able to provide a more accurate illustration of the prevalence
of individual Rickettsia spp., their transmission dynamics, and species most likely to cause
disease in humans; discovery of novel species will also be facilitated through this approach.
Genomic data can also be used to identify important antibiotic resistance genes, such as
those that confer resistance to macrolide and tetracycline antibiotics [83].

6. Barriers and Implementation of Contemporary Testing Strategies

Despite the development of sequencing technology and targeted molecular assays,
barriers remain with regards to their utility and implementation in the clinical setting. For
NGS and metagenomic approaches, a key limitation is the reduced sensitivity caused by
a high background (i.e., human DNA reads detected in clinical samples) [70]. Specimens
typically used to help identify Rickettsia spp. (e.g., skin, eschar, and blood) are rich in
human DNA. Depletion methods used to extract residual background human DNA have
been developed; however, no standardisation exists [84]. Microbial enrichment methods
using differential lysis of human cells followed by degradation of background DNA
have been shown to reduce the detection of free nucleic acid from dead organisms lysed
in vivo [85]; this may be particularly problematic for intracellular bacteria such as Rickettsia
spp. In addition, use of genomic assays requires highly trained laboratory or personnel and
currently lack well-characterised reference standards. Although PCR and other molecular
approaches are more commonplace and require less infrastructure and expertise, they are
not without flaws. They have reduced sensitivity outside of the acute phase of illness,
which may be short lived, especially in mild disease. Available assays typically only target
a limited number of important species, with utility highly dependent on geographical
region. Some assays identify Rickettsia spp. Based on group (i.e., spotted-fever group
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versus typhus group). Moreover, nested conventional PCR methods have been found to be
prone to amplicon contamination.

Given the geographical distribution of rickettsioses, existing resource allocation to-
wards Rickettsia spp. diagnostics becomes a major limiting factor [8,86]. Indeed, rick-
ettsioses cause a large burden of disease in developing countries, including those in
sub-Saharan Africa, Southeast Asia, and South America [9,87]. The resources required for
contemporary Rickettsia spp. diagnostics are unlikely to be delivered to such areas.

7. Conclusions

Rickettsia species causing human infection have a worldwide geographical distribution
with an increasing incidence of disease. Diagnosis remains challenging, particularly in
low-resource settings when relying solely on clinical manifestations. The use of older
methodologies such as serology is problematic and may not reflect the true burden of
rickettsial disease. Moreover, diagnosis often requires collection of convalescent serum,
which is impractical in many settings. Targeted approaches in the detection of Rickettsia
spp. have been available for some time (e.g., PCR and IHC) but are limited by the basic
infrastructure required and the number of Rickettsia spp. able to be identified in a basic
clinical laboratory. Genomic sequencing platforms are becoming cheap, fast, and more
readily available. Clinical metagenomics has been used to successfully identify Rickettsia
spp. from clinical specimens. Unfortunately, the resources and expertise required to
perform these novel testing strategies are limited to reference and research laboratories
at present.

Author Contributions: Conceptualisation: A.G.S.; writing-first draft preparation: A.G.S. and A.G.A.S.;
revisions: all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

References
1. Ricketts, H.T. A Micro-organism which apparently has a specific relationship to Rocky Mountain Spotted Fever: A preliminary

report. J. Am. Med. Assoc. 1909, 52, 379–380. [CrossRef]
2. Dantas-Torres, F. Rocky Mountain spotted fever. Lancet Infect. Dis. 2007, 7, 724–732. [CrossRef]
3. Rovery, C.; Brouqui, P.; Raoult, D. Questions on Mediterranean spotted fever a century after its discovery. Emerg. Infect. Dis. 2008,

14, 1360–1367. [CrossRef]
4. Stewart, A.; Armstrong, M.; Graves, S.; Hajkowicz, K. Rickettsia australis and Queensland Tick Typhus: A Rickettsial Spotted

Fever Group Infection in Australia. Am. J. Trop. Med. Hyg. 2017, 97, 24–29. [CrossRef] [PubMed]
5. Stewart, A.G.A.; Smith, S.; Binotto, E.; McBride, W.J.H.; Hanson, J. The epidemiology and clinical features of rickettsial diseases

in North Queensland, Australia: Implications for patient identification and management. PLoS Negl. Trop. Dis. 2019, 13, e0007583.
[CrossRef] [PubMed]

6. Blanton, L.S. The Rickettsioses: A Practical Update. Infect. Dis. Clin. N. Am. 2019, 33, 213–229. [CrossRef] [PubMed]
7. Abdad, M.Y.; Abou Abdallah, R.; Fournier, P.E.; Stenos, J.; Vasoo, S. A Concise Review of the Epidemiology and Diagnostics of

Rickettsioses: Rickettsia and Orientia spp. J. Clin. Microbiol. 2018, 56, e01728-17. [CrossRef] [PubMed]
8. Adem, P.V. Emerging and re-emerging rickettsial infections. Semin. Diagn. Pathol. 2019, 36, 146–151. [CrossRef] [PubMed]
9. Piotrowski, M.; Rymaszewska, A. Expansion of Tick-Borne Rickettsioses in the World. Microorganisms 2020, 8, 1906. [CrossRef]
10. Lokida, D.; Hadi, U.; Lau, C.Y.; Kosasih, H.; Liang, C.J.; Rusli, M.; Sudarmono, P.; Lukman, N.; Laras, K.; Asdie, R.H.; et al.

Underdiagnoses of Rickettsia in patients hospitalized with acute fever in Indonesia: Observational study results. BMC Infect. Dis.
2020, 20, 364. [CrossRef]

11. Van Eekeren, L.E.; de Vries, S.G.; Wagenaar, J.F.P.; Spijker, R.; Grobusch, M.P.; Goorhuis, A. Under-diagnosis of rickettsial disease
in clinical practice: A systematic review. Travel Med. Infect. Dis. 2018, 26, 7–15. [CrossRef] [PubMed]

12. Grigg, M.J.; William, T.; Clemens, E.G.; Patel, K.; Chandna, A.; Wilkes, C.S.; Barber, B.E.; Anstey, N.M.; Dumler, J.S.;
Yeo, T.W.; et al. Rickettsioses as Major Etiologies of Unrecognized Acute Febrile Illness, Sabah, East Malaysia. Emerg. Infect. Dis.
2020, 26, 1409–1419. [CrossRef] [PubMed]

http://doi.org/10.1001/jama.1909.25420310039002
http://doi.org/10.1016/S1473-3099(07)70261-X
http://doi.org/10.3201/eid1409.071133
http://doi.org/10.4269/ajtmh.16-0915
http://www.ncbi.nlm.nih.gov/pubmed/28719297
http://doi.org/10.1371/journal.pntd.0007583
http://www.ncbi.nlm.nih.gov/pubmed/31318873
http://doi.org/10.1016/j.idc.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30712763
http://doi.org/10.1128/JCM.01728-17
http://www.ncbi.nlm.nih.gov/pubmed/29769278
http://doi.org/10.1053/j.semdp.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/31101391
http://doi.org/10.3390/microorganisms8121906
http://doi.org/10.1186/s12879-020-05057-9
http://doi.org/10.1016/j.tmaid.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29486240
http://doi.org/10.3201/eid2607.191722
http://www.ncbi.nlm.nih.gov/pubmed/32568664


Pathogens 2021, 10, 1319 8 of 11

13. Zerfu, B.; Medhin, G.; Mamo, G.; Getahun, G.; Tschopp, R.; Legesse, M. Community-based prevalence of typhoid fever, typhus,
brucellosis and malaria among symptomatic individuals in Afar Region, Ethiopia. PLoS Negl. Trop. Dis. 2018, 12, e0006749.
[CrossRef] [PubMed]

14. Salje, J.; Weitzel, T.; Newton, P.N.; Varghese, G.M.; Day, N. Rickettsial infections: A blind spot in our view of neglected tropical
diseases. PLoS Negl. Trop. Dis. 2021, 15, e0009353. [CrossRef] [PubMed]

15. Walker, D.H.; Ismail, N. Emerging and re-emerging rickettsioses: Endothelial cell infection and early disease events. Nat. Rev.
Microbiol. 2008, 6, 375–386. [CrossRef] [PubMed]

16. Walker, D.H.; Hudnall, S.D.; Szaniawski, W.K.; Feng, H.M. Monoclonal antibody-based immunohistochemical diagnosis of
rickettsialpox: The macrophage is the principal target. Mod. Pathol. 1999, 12, 529–533. [PubMed]

17. Whitworth, T.; Popov, V.L.; Yu, X.J.; Walker, D.H.; Bouyer, D.H. Expression of the Rickettsia prowazekii pld or tlyC gene in Salmonella
enterica serovar Typhimurium mediates phagosomal escape. Infect. Immun. 2005, 73, 6668–6673. [CrossRef]

18. Gouin, E.; Egile, C.; Dehoux, P.; Villiers, V.; Adams, J.; Gertler, F.; Li, R.; Cossart, P. The RickA protein of Rickettsia conorii activates
the Arp2/3 complex. Nature 2004, 427, 457–461. [CrossRef] [PubMed]

19. Valbuena, G.; Walker, D.H. Infection of the endothelium by members of the order Rickettsiales. Thromb. Haemost. 2009, 102,
1071–1079. [CrossRef] [PubMed]

20. Botelho-Nevers, E.; Raoult, D. Host, pathogen and treatment-related prognostic factors in rickettsioses. Eur. J. Clin. Microbiol.
Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2011, 30, 1139–1150. [CrossRef]

21. Robinson, M.T.; Satjanadumrong, J.; Hughes, T.; Stenos, J.; Blacksell, S.D. Diagnosis of spotted fever group Rickettsia infections:
The Asian perspective. Epidemiol. Infect. 2019, 147, e286. [CrossRef]

22. Biggs, H.M.; Behravesh, C.B.; Bradley, K.K.; Dahlgren, F.S.; Drexler, N.A.; Dumler, J.S.; Folk, S.M.; Kato, C.Y.; Lash, R.R.;
Levin, M.L.; et al. Diagnosis and Management of Tickborne Rickettsial Diseases: Rocky Mountain Spotted Fever and Other
Spotted Fever Group Rickettsioses, Ehrlichioses, and Anaplasmosis—United States. MMWR Recomm. Rep. 2016, 65, 1–44.
[CrossRef]

23. Regan, J.J.; Traeger, M.S.; Humpherys, D.; Mahoney, D.L.; Martinez, M.; Emerson, G.L.; Tack, D.M.; Geissler, A.; Yasmin, S.;
Lawson, R.; et al. Risk factors for fatal outcome from rocky mountain spotted Fever in a highly endemic area-Arizona, 2002–2011.
Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2015, 60, 1659–1666. [CrossRef] [PubMed]

24. Stewart, A.G.A.; Smith, S.; Hanson, J. Prompt defervescence after initiation of treatment for rickettsial infections—time to dispense
with the dogma? Int. J. Infect. Dis. IJID Off. Publ. Int. Soc. Infect. Dis. 2021, 102, 132–135. [CrossRef]

25. La Scola, B.; Raoult, D. Laboratory diagnosis of rickettsioses: Current approaches to diagnosis of old and new rickettsial diseases.
J. Clin. Microbiol. 1997, 35, 2715–2727. [CrossRef]

26. Cruickshank, R. The Weil-Felix Reaction in Typhus Fever. J. Hyg. 1927, 27, 64–69. [CrossRef]
27. Bhaskaran, D.; Chadha, S.S.; Sarin, S.; Sen, R.; Arafah, S.; Dittrich, S. Diagnostic tools used in the evaluation of acute febrile illness

in South India: A scoping review. BMC Infect. Dis. 2019, 19, 970. [CrossRef] [PubMed]
28. Newhouse, V.F.; Shepard, C.C.; Redus, M.D.; Tzianabos, T.; McDade, J.E. A comparison of the complement fixation, indirect

fluorescent antibody, and microagglutination tests for the serological diagnosis of rickettsial diseases. Am. J. Trop. Med. Hyg. 1979,
28, 387–395. [CrossRef] [PubMed]

29. Raoult, D.; Dasch, G.A. Immunoblot cross-reactions among Rickettsia, Proteus spp. and Legionella spp. in patients with Mediter-
ranean spotted fever. FEMS Immunol. Med. Microbiol. 1995, 11, 13–18. [CrossRef] [PubMed]

30. McQuiston, J.H.; Wiedeman, C.; Singleton, J.; Carpenter, L.R.; McElroy, K.; Mosites, E.; Chung, I.; Kato, C.; Morris, K.;
Moncayo, A.C.; et al. Inadequacy of IgM antibody tests for diagnosis of Rocky Mountain Spotted Fever. Am. J. Trop. Med. Hyg.
2014, 91, 767–770. [CrossRef] [PubMed]

31. Kaplan, J.E.; Schonberger, L.B. The sensitivity of various serologic tests in the diagnosis of Rocky Mountain spotted fever. Am. J.
Trop. Med. Hyg. 1986, 35, 840–844. [CrossRef] [PubMed]

32. Clements, M.L.; Dumler, J.S.; Fiset, P.; Wisseman, C.L., Jr.; Snyder, M.J.; Levine, M.M. Serodiagnosis of Rocky Mountain spotted
fever: Comparison of IgM and IgG enzyme-linked immunosorbent assays and indirect fluorescent antibody test. J. Infect. Dis.
1983, 148, 876–880. [CrossRef]

33. Philip, R.N.; Casper, E.A.; MacCormack, J.N.; Sexton, D.; Thomas, L.A.; Anacker, R.L.; Burgdorfer, W.; Vick, S. A comparison of
serologic methods for diagnosis of Rocky Mountain spotted fever. Am. J. Epidemiol. 1977, 105, 56–67. [CrossRef]

34. Lokida, D.; Sudarmono, P.; Kosasih, H.; Butar-Butar, D.P.; Salim, G.; Antonjaya, U.; Sari, R.A.; Aman, A.T.; Parwati, I.;
Arif, M.; et al. Comparison of Commercial Enzyme-Linked Immunosorbent Assay and Immunofluorescence Assay for Diagnosis
of Acute Rickettsia typhi Infections. Vector Borne Zoonotic Dis. 2020, 20, 93–99. [CrossRef]

35. Paris, D.H.; Dumler, J.S. State of the art of diagnosis of rickettsial diseases: The use of blood specimens for diagnosis of scrub
typhus, spotted fever group rickettsiosis, and murine typhus. Curr. Opin. Infect. Dis. 2016, 29, 433–439. [CrossRef] [PubMed]

36. La Scola, B.; Rydkina, L.; Ndihokubwayo, J.B.; Vene, S.; Raoult, D. Serological differentiation of murine typhus and epidemic
typhus using cross-adsorption and Western blotting. Clin. Diagn. Lab. Immunol. 2000, 7, 612–616. [CrossRef] [PubMed]

37. Alugubelly, N.; Stokes, J.V.; Cross, C.E.; Ross, A.L.; Crawford, A.E.; Fiihr, G.F.; Varela-Stokes, A.S. Beyond the IFA: Revisiting the
ELISA as a More Sensitive, Objective, and Quantitative Evaluation of Spotted Fever Group Rickettsia Exposure. Pathogens 2021,
10, 88. [CrossRef]

http://doi.org/10.1371/journal.pntd.0006749
http://www.ncbi.nlm.nih.gov/pubmed/30286076
http://doi.org/10.1371/journal.pntd.0009353
http://www.ncbi.nlm.nih.gov/pubmed/33983936
http://doi.org/10.1038/nrmicro1866
http://www.ncbi.nlm.nih.gov/pubmed/18414502
http://www.ncbi.nlm.nih.gov/pubmed/10349992
http://doi.org/10.1128/IAI.73.10.6668-6673.2005
http://doi.org/10.1038/nature02318
http://www.ncbi.nlm.nih.gov/pubmed/14749835
http://doi.org/10.1160/TH09-03-0186
http://www.ncbi.nlm.nih.gov/pubmed/19967137
http://doi.org/10.1007/s10096-011-1208-z
http://doi.org/10.1017/S0950268819001390
http://doi.org/10.15585/mmwr.rr6502a1
http://doi.org/10.1093/cid/civ116
http://www.ncbi.nlm.nih.gov/pubmed/25697742
http://doi.org/10.1016/j.ijid.2020.10.023
http://doi.org/10.1128/jcm.35.11.2715-2727.1997
http://doi.org/10.1017/S0022172400031818
http://doi.org/10.1186/s12879-019-4589-8
http://www.ncbi.nlm.nih.gov/pubmed/31722678
http://doi.org/10.4269/ajtmh.1979.28.387
http://www.ncbi.nlm.nih.gov/pubmed/378003
http://doi.org/10.1111/j.1574-695X.1995.tb00073.x
http://www.ncbi.nlm.nih.gov/pubmed/7541270
http://doi.org/10.4269/ajtmh.14-0123
http://www.ncbi.nlm.nih.gov/pubmed/25092818
http://doi.org/10.4269/ajtmh.1986.35.840
http://www.ncbi.nlm.nih.gov/pubmed/3089042
http://doi.org/10.1093/infdis/148.5.876
http://doi.org/10.1093/oxfordjournals.aje.a112356
http://doi.org/10.1089/vbz.2019.2451
http://doi.org/10.1097/QCO.0000000000000298
http://www.ncbi.nlm.nih.gov/pubmed/27429138
http://doi.org/10.1128/CDLI.7.4.612-616.2000
http://www.ncbi.nlm.nih.gov/pubmed/10882661
http://doi.org/10.3390/pathogens10020088


Pathogens 2021, 10, 1319 9 of 11

38. Dhawan, S.; Robinson, M.T.; Stenos, J.; Graves, S.R.; Wangrangsimakul, T.; Newton, P.N.; Day, N.P.J.; Blacksell, S.D. Selection of
Diagnostic Cutoffs for Murine Typhus IgM and IgG Immunofluorescence Assay: A Systematic Review. Am. J. Trop. Med. Hyg.
2020, 103, 55–63. [CrossRef] [PubMed]

39. Lim, C.; Blacksell, S.D.; Laongnualpanich, A.; Kantipong, P.; Day, N.P.; Paris, D.H.; Limmathurotsakul, D. Optimal Cutoff Titers
for Indirect Immunofluorescence Assay for Diagnosis of Scrub Typhus. J. Clin. Microbiol. 2015, 53, 3663–3666. [CrossRef]

40. Blacksell, S.D.; Bryant, N.J.; Paris, D.H.; Doust, J.A.; Sakoda, Y.; Day, N.P. Scrub typhus serologic testing with the indirect
immunofluorescence method as a diagnostic gold standard: A lack of consensus leads to a lot of confusion. Clin. Infect. Dis. Off.
Publ. Infect. Dis. Soc. Am. 2007, 44, 391–401. [CrossRef] [PubMed]

41. Phakhounthong, K.; Mukaka, M.; Dittrich, S.; Tanganuchitcharnchai, A.; Day, N.P.J.; White, L.J.; Newton, P.N.; Blacksell, S.D. The
temporal dynamics of humoral immunity to Rickettsia typhi infection in murine typhus patients. Clin. Microbiol. Infect. Off. Publ.
Eur. Soc. Clin. Microbiol. Infect. Dis. 2020, 26, 781.e9–781.e16. [CrossRef] [PubMed]

42. Kularatne, S.A.; Gawarammana, I.B. Validity of the Weil-Felix test in the diagnosis of acute rickettsial infections in Sri Lanka.
Trans. R. Soc. Trop. Med. Hyg. 2009, 103, 423–424. [CrossRef] [PubMed]

43. Shirai, A.; Dietel, J.W.; Osterman, J.V. Indirect hemagglutination test for human antibody to typhus and spotted fever group
rickettsiae. J. Clin. Microbiol. 1975, 2, 430–437. [CrossRef]

44. Rathi, N.B.; Rathi, A.N.; Goodman, M.H.; Aghai, Z.H. Rickettsial diseases in central India: Proposed clinical scoring system for
early detection of spotted fever. Indian Pediatr. 2011, 48, 867–872. [CrossRef]

45. Silpapojakul, K.; Pradutkanchana, J.; Pradutkanchana, S.; Kelly, D.J. Rapid, simple serodiagnosis of murine typhus. Trans. R. Soc.
Trop. Med. Hyg. 1995, 89, 625–628. [CrossRef]

46. Mendes do Nascimento, E.M.; Colombo, S.; Nagasse-Sugahara, T.K.; Angerami, R.N.; Resende, M.R.; da Silva, L.J.; Katz, G.;
dos Santos, F.C. Evaluation of PCR-based assay in human serum samples for diagnosis of fatal cases of spotted fever group
rickettsiosis. Clin. Microbiol. Infect. 2009, 15 (Suppl. 2), 232–234. [CrossRef]

47. Leitner, M.; Yitzhaki, S.; Rzotkiewicz, S.; Keysary, A. Polymerase chain reaction-based diagnosis of Mediterranean spotted fever
in serum and tissue samples. Am. J. Trop Med. Hyg. 2002, 67, 166–169. [CrossRef]

48. Walker, D.H.; Burday, M.S.; Folds, J.D. Laboratory diagnosis of Rocky Mountain spotted fever. South. Med. J. 1980, 73,
1443–1446, 1449. [CrossRef]

49. Walker, D.H.; Parks, F.M.; Betz, T.G.; Taylor, J.P.; Muehlberger, J.W. Histopathology and immunohistologic demonstration of the
distribution of Rickettsia typhi in fatal murine typhus. Am. J. Clin. Pathol. 1989, 91, 720–724. [CrossRef]

50. Montenegro, M.R.; Mansueto, S.; Hegarty, B.C.; Walker, D.H. The histology of “taches noires” of boutonneuse fever and
demonstration of Rickettsia conorii in them by immunofluorescence. Virchows Arch. A Pathol. Anat Histopathol. 1983, 400, 309–317.
[CrossRef]

51. Walker, D.H.; Feng, H.M.; Ladner, S.; Billings, A.N.; Zaki, S.R.; Wear, D.J.; Hightower, B. Immunohistochemical diagnosis of
typhus rickettsioses using an anti-lipopolysaccharide monoclonal antibody. Mod. Pathol. 1997, 10, 1038–1042.

52. Myers, T.; Lalani, T.; Dent, M.; Jiang, J.; Daly, P.L.; Maguire, J.D.; Richards, A.L. Detecting Rickettsia parkeri infection from eschar
swab specimens. Emerg Infect. Dis. 2013, 19, 778–780. [CrossRef] [PubMed]

53. La Scola, B.; Raoult, D. Diagnosis of Mediterranean spotted fever by cultivation of Rickettsia conorii from blood and skin samples
using the centrifugation-shell vial technique and by detection of R. conorii in circulating endothelial cells: A 6-year follow-up.
J. Clin. Microbiol. 1996, 34, 2722–2727. [CrossRef]

54. Kato, C.Y.; Chung, I.H.; Robinson, L.K.; Austin, A.L.; Dasch, G.A.; Massung, R.F. Assessment of real-time PCR assay for detection
of Rickettsia spp. and Rickettsia rickettsii in banked clinical samples. J. Clin. Microbiol. 2013, 51, 314–317. [CrossRef] [PubMed]

55. Husin, N.A.; AbuBakar, S.; Khoo, J.J. Current tools for the diagnosis and detection of spotted fever group Rickettsia. Acta Trop.
2021, 218, 105887. [CrossRef] [PubMed]

56. Raoult, D.; Fournier, P.E.; Fenollar, F.; Jensenius, M.; Prioe, T.; de Pina, J.J.; Caruso, G.; Jones, N.; Laferl, H.; Rosenblatt, J.E.; et al.
Rickettsia africae, a tick-borne pathogen in travelers to sub-Saharan Africa. N. Engl. J. Med. 2001, 344, 1504–1510. [CrossRef]
[PubMed]

57. Schriefer, M.E.; Sacci, J.B., Jr.; Dumler, J.S.; Bullen, M.G.; Azad, A.F. Identification of a novel rickettsial infection in a patient
diagnosed with murine typhus. J. Clin. Microbiol. 1994, 32, 949–954. [CrossRef] [PubMed]

58. Furuya, Y.; Katayama, T.; Yoshida, Y.; Kaiho, I. Specific amplification of Rickettsia japonica DNA from clinical specimens by PCR.
J. Clin. Microbiol. 1995, 33, 487–489. [CrossRef]

59. Luce-Fedrow, A.; Mullins, K.; Kostik, A.P.; St John, H.K.; Jiang, J.; Richards, A.L. Strategies for detecting rickettsiae and diagnosing
rickettsial diseases. Future Microbiol. 2015, 10, 537–564. [CrossRef] [PubMed]

60. Prakash, J.A.; Reller, M.E.; Barat, N.; Dumler, J.S. Assessment of a quantitative multiplex 5’ nuclease real-time PCR for spotted
fever and typhus group rickettsioses and Orientia tsutsugamushi. Clin. Microbiol. Infect. 2009, 15 (Suppl. 2), 292–293. [CrossRef]
[PubMed]

61. Levin, M.L.; Snellgrove, A.N.; Zemtsova, G.E. Comparative value of blood and skin samples for diagnosis of spotted fever group
rickettsial infection in model animals. Ticks Tick Borne Dis. 2016, 7, 1029–1034. [CrossRef] [PubMed]

http://doi.org/10.4269/ajtmh.19-0818
http://www.ncbi.nlm.nih.gov/pubmed/32274984
http://doi.org/10.1128/JCM.01680-15
http://doi.org/10.1086/510585
http://www.ncbi.nlm.nih.gov/pubmed/17205447
http://doi.org/10.1016/j.cmi.2019.10.022
http://www.ncbi.nlm.nih.gov/pubmed/31678231
http://doi.org/10.1016/j.trstmh.2008.11.020
http://www.ncbi.nlm.nih.gov/pubmed/19128814
http://doi.org/10.1128/jcm.2.5.430-437.1975
http://doi.org/10.1007/s13312-011-0141-7
http://doi.org/10.1016/0035-9203(95)90417-4
http://doi.org/10.1111/j.1469-0691.2008.02153.x
http://doi.org/10.4269/ajtmh.2002.67.166
http://doi.org/10.1097/00007611-198011000-00007
http://doi.org/10.1093/ajcp/91.6.720
http://doi.org/10.1007/BF00612192
http://doi.org/10.3201/eid1905.120622
http://www.ncbi.nlm.nih.gov/pubmed/23647926
http://doi.org/10.1128/jcm.34.11.2722-2727.1996
http://doi.org/10.1128/JCM.01723-12
http://www.ncbi.nlm.nih.gov/pubmed/23135935
http://doi.org/10.1016/j.actatropica.2021.105887
http://www.ncbi.nlm.nih.gov/pubmed/33713627
http://doi.org/10.1056/NEJM200105173442003
http://www.ncbi.nlm.nih.gov/pubmed/11357153
http://doi.org/10.1128/jcm.32.4.949-954.1994
http://www.ncbi.nlm.nih.gov/pubmed/8027348
http://doi.org/10.1128/jcm.33.2.487-489.1995
http://doi.org/10.2217/fmb.14.141
http://www.ncbi.nlm.nih.gov/pubmed/25865193
http://doi.org/10.1111/j.1469-0691.2008.02242.x
http://www.ncbi.nlm.nih.gov/pubmed/19438655
http://doi.org/10.1016/j.ttbdis.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27282078


Pathogens 2021, 10, 1319 10 of 11

62. Watthanaworawit, W.; Turner, P.; Turner, C.; Tanganuchitcharnchai, A.; Richards, A.L.; Bourzac, K.M.; Blacksell, S.D.;
Nosten, F. A prospective evaluation of real-time PCR assays for the detection of Orientia tsutsugamushi and Rickettsia spp. for
early diagnosis of rickettsial infections during the acute phase of undifferentiated febrile illness. Am. J. Trop Med. Hyg. 2013, 89,
308–310. [CrossRef]

63. Kato, C.; Chung, I.; Paddock, C. Estimation of Rickettsia rickettsii copy number in the blood of patients with Rocky Mountain
spotted fever suggests cyclic diurnal trends in bacteraemia. Clin. Microbiol. Infect. 2016, 22, 394–396. [CrossRef]

64. Znazen, A.; Sellami, H.; Elleuch, E.; Hattab, Z.; Ben Sassi, L.; Khrouf, F.; Dammak, H.; Letaief, A.; Ben Jemaa, M.; Hammami, A.
Comparison of two quantitative real time PCR assays for Rickettsia detection in patients from Tunisia. PLoS Negl. Trop. Dis. 2015,
9, e0003487. [CrossRef]

65. Helmick, C.G.; Bernard, K.W.; D’Angelo, L.J. Rocky Mountain spotted fever: Clinical, laboratory, and epidemiological features of
262 cases. J. Infect. Dis. 1984, 150, 480–488. [CrossRef] [PubMed]

66. Walker, D.H.; Paddock, C.D.; Dumler, J.S. Emerging and re-emerging tick-transmitted rickettsial and ehrlichial infections. Med.
Clin. N. Am. 2008, 92, 1345–1361. [CrossRef] [PubMed]

67. Prakash, J.A.; Sohan Lal, T.; Rosemol, V.; Verghese, V.P.; Pulimood, S.A.; Reller, M.; Dumler, J.S. Molecular detection and analysis
of spotted fever group Rickettsia in patients with fever and rash at a tertiary care centre in Tamil Nadu, India. Pathog. Glob. Health
2012, 106, 40–45. [CrossRef] [PubMed]

68. Choi, Y.J.; Lee, S.H.; Park, K.H.; Koh, Y.S.; Lee, K.H.; Baik, H.S.; Choi, M.S.; Kim, I.S.; Jang, W.J. Evaluation of PCR-based assay for
diagnosis of spotted fever group rickettsiosis in human serum samples. Clin. Diagn. Lab. Immunol. 2005, 12, 759–763. [CrossRef]

69. Giulieri, S.; Jaton, K.; Cometta, A.; Trellu, L.T.; Greub, G. Development of a duplex real-time PCR for the detection of Rickettsia
spp. and typhus group rickettsia in clinical samples. FEMS Immunol. Med. Microbiol. 2012, 64, 92–97. [CrossRef] [PubMed]

70. Chiu, C.Y.; Miller, S.A. Clinical metagenomics. Nat. Rev. Genet. 2019, 20, 341–355. [CrossRef]
71. Gu, W.; Miller, S.; Chiu, C.Y. Clinical Metagenomic Next-Generation Sequencing for Pathogen Detection. Annu. Rev. Pathol. 2019,

14, 319–338. [CrossRef] [PubMed]
72. Dulanto Chiang, A.; Dekker, J.P. From the Pipeline to the Bedside: Advances and Challenges in Clinical Metagenomics. J. Infect.

Dis. 2020, 221, S331–S340. [CrossRef]
73. Graham, R.M.A.; Donohue, S.; McMahon, J.; Jennison, A.V. Detection of Spotted Fever Group Rickettsia DNA by Deep Sequencing.

Emerg. Infect. Dis. 2017, 23, 1911–1913. [CrossRef] [PubMed]
74. Teng, Z.; Shi, Y.; Peng, Y.; Zhang, H.; Luo, X.; Lun, X.; Xia, L.; You, Y.; Li, Z.; Zhang, W.; et al. Severe Case of Rickettsiosis Identified

by Metagenomic Sequencing, China. Emerg. Infect. Dis. 2021, 27, 1530–1532. [CrossRef] [PubMed]
75. Centeno, F.H.; Lasco, T.; Ahmed, A.A.; Al Mohajer, M. Characteristics of Rickettsia typhi Infections Detected with Next-Generation

Sequencing of Microbial Cell-Free Deoxyribonucleic Acid in a Tertiary Care Hospital. Open Forum Infect. Dis. 2021, 8, ofab147.
[CrossRef] [PubMed]

76. Stafford, I.A.; Centeno, F.H.; Al Mohajer, M.; Parkerson, G.; Woc-Colburn, L.; Burgos-Lee, A.J.; Rac, M.; Dunn, J.; Muldrew, K.
Successful Detection of Unrecognized Rickettsia typhi in Pregnancy Using Cell-Free Next-Generation Sequencing. Case Rep. Obs.
Gynecol. 2020, 2020, 6767351. [CrossRef]

77. Kingry, L.; Sheldon, S.; Oatman, S.; Pritt, B.; Anacker, M.; Bjork, J.; Neitzel, D.; Strain, A.; Berry, J.; Sloan, L.; et al. Targeted
Metagenomics for Clinical Detection and Discovery of Bacterial Tick-Borne Pathogens. J. Clin. Microbiol. 2020, 58. [CrossRef]
[PubMed]

78. Ravi, A.; Ereqat, S.; Al-Jawabreh, A.; Abdeen, Z.; Abu Shamma, O.; Hall, H.; Pallen, M.J.; Nasereddin, A. Metagenomic profiling
of ticks: Identification of novel rickettsial genomes and detection of tick-borne canine parvovirus. PLoS Negl. Trop. Dis. 2019,
13, e0006805. [CrossRef] [PubMed]

79. Brinkmann, A.; Hekimoglu, O.; Dincer, E.; Hagedorn, P.; Nitsche, A.; Ergunay, K. A cross-sectional screening by next-generation
sequencing reveals Rickettsia, Coxiella, Francisella, Borrelia, Babesia, Theileria and Hemolivia species in ticks from Anatolia. Parasit.
Vectors 2019, 12, 26. [CrossRef] [PubMed]

80. Tshokey, T.; Stenos, J.; Durrheim, D.N.; Eastwood, K.; Nguyen, C.; Graves, S.R. Seroprevalence of rickettsial infections and Q
fever in Bhutan. PLoS Negl. Trop. Dis. 2017, 11, e0006107. [CrossRef] [PubMed]

81. Stephen, S.; Ambroise, S.; Gunasekaran, D.; Hanifah, M.; Sangeetha, B.; Pradeep, J.; Sarangapani, K. Serological evidence of
spotted fever group rickettsiosis in and around Puducherry, south India-A three years study. J. Vector Borne Dis. 2018, 55, 144–150.
[CrossRef]

82. Chaorattanakawee, S.; Korkusol, A.; Tippayachai, B.; Promsathaporn, S.; Poole-Smith, B.K.; Takhampunya, R. Amplicon-Based
Next Generation Sequencing for Rapid Identification of Rickettsia and Ectoparasite Species from Entomological Surveillance in
Thailand. Pathogens 2021, 10, 215. [CrossRef]

83. Vanrompay, D.; Nguyen, T.L.A.; Cutler, S.J.; Butaye, P. Antimicrobial Resistance in Chlamydiales, Rickettsia, Coxiella, and Other
Intracellular Pathogens. Microbiol. Spectr. 2018, 6. [CrossRef]

84. Hasan, M.R.; Rawat, A.; Tang, P.; Jithesh, P.V.; Thomas, E.; Tan, R.; Tilley, P. Depletion of Human DNA in Spiked Clinical
Specimens for Improvement of Sensitivity of Pathogen Detection by Next-Generation Sequencing. J. Clin. Microbiol. 2016, 54,
919–927. [CrossRef] [PubMed]

http://doi.org/10.4269/ajtmh.12-0600
http://doi.org/10.1016/j.cmi.2015.12.019
http://doi.org/10.1371/journal.pntd.0003487
http://doi.org/10.1093/infdis/150.4.480
http://www.ncbi.nlm.nih.gov/pubmed/6491365
http://doi.org/10.1016/j.mcna.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19061755
http://doi.org/10.1179/2047773212Y.0000000001
http://www.ncbi.nlm.nih.gov/pubmed/22595273
http://doi.org/10.1128/CDLI.12.6.759-763.2005
http://doi.org/10.1111/j.1574-695X.2011.00910.x
http://www.ncbi.nlm.nih.gov/pubmed/22098502
http://doi.org/10.1038/s41576-019-0113-7
http://doi.org/10.1146/annurev-pathmechdis-012418-012751
http://www.ncbi.nlm.nih.gov/pubmed/30355154
http://doi.org/10.1093/infdis/jiz151
http://doi.org/10.3201/eid2311.170474
http://www.ncbi.nlm.nih.gov/pubmed/29048295
http://doi.org/10.3201/eid2705.203265
http://www.ncbi.nlm.nih.gov/pubmed/33900186
http://doi.org/10.1093/ofid/ofab147
http://www.ncbi.nlm.nih.gov/pubmed/34250186
http://doi.org/10.1155/2020/6767351
http://doi.org/10.1128/JCM.00147-20
http://www.ncbi.nlm.nih.gov/pubmed/32878950
http://doi.org/10.1371/journal.pntd.0006805
http://www.ncbi.nlm.nih.gov/pubmed/30640905
http://doi.org/10.1186/s13071-018-3277-7
http://www.ncbi.nlm.nih.gov/pubmed/30635006
http://doi.org/10.1371/journal.pntd.0006107
http://www.ncbi.nlm.nih.gov/pubmed/29176880
http://doi.org/10.4103/0972-9062.242562
http://doi.org/10.3390/pathogens10020215
http://doi.org/10.1128/microbiolspec.ARBA-0003-2017
http://doi.org/10.1128/JCM.03050-15
http://www.ncbi.nlm.nih.gov/pubmed/26763966


Pathogens 2021, 10, 1319 11 of 11

85. Salter, S.J.; Cox, M.J.; Turek, E.M.; Calus, S.T.; Cookson, W.O.; Moffatt, M.F.; Turner, P.; Parkhill, J.; Loman, N.J.; Walker, A.W.
Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014, 12, 87.
[CrossRef] [PubMed]

86. Aung, A.K.; Spelman, D.W.; Murray, R.J.; Graves, S. Rickettsial infections in Southeast Asia: Implications for local populace and
febrile returned travelers. Am. J. Trop Med. Hyg. 2014, 91, 451–460. [CrossRef] [PubMed]

87. Satjanadumrong, J.; Robinson, M.T.; Hughes, T.; Blacksell, S.D. Distribution and Ecological Drivers of Spotted Fever Group
Rickettsia in Asia. Ecohealth 2019, 16, 611–626. [CrossRef]

http://doi.org/10.1186/s12915-014-0087-z
http://www.ncbi.nlm.nih.gov/pubmed/25387460
http://doi.org/10.4269/ajtmh.14-0191
http://www.ncbi.nlm.nih.gov/pubmed/24957537
http://doi.org/10.1007/s10393-019-01409-3

	Introduction 
	Current Challenges in Diagnosis 
	Serology 
	Direct Detection of Rickettsia Species from Clinical Specimens 
	Genomic Approaches in the Diagnosis of Rickettsia Species Infection 
	Barriers and Implementation of Contemporary Testing Strategies 
	Conclusions 
	References

