PLOS NEGLECTED TROPICAL DISEASES

Check for
updates

G OPEN ACCESS

Citation: Xing F, Deng C, Huang J, Yuan 'Y, Luo Z,
Lo SKF, et al. (2024) Usefulness of next-generation
sequencing for laboratory diagnosis of
rickettsiosis. PLoS Negl Trop Dis 18(10):
€0012546. https://doi.org/10.1371/journal.
pntd.0012546

Editor: Youjun Feng, Zhejiang University School of
Medicine, CHINA

Received: May 6, 2024
Accepted: September 18, 2024
Published: October 9, 2024

Copyright: © 2024 Xing et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The authors confirm
that all data underlying the findings are fully
available without restriction. All relevant data are
within the manuscript file.

Funding: This study was partly supported by
Sanming Project of Medicine in Shenzhen, China
(SZSM201911014 to FX) and the Feature Areas
Research Center Program within the framework of

the Higher Education Sprout Project by the Ministry

of Education in Taiwan (MOE-113-S-0023-A to
PCYW). The funders had no role in study design,

RESEARCH ARTICLE
Usefulness of next-generation sequencing for
laboratory diagnosis of rickettsiosis

Fanfan Xing®', Chaowen Deng', Jinyue Huang', Yanfei Yuan', Zhendong Luo?, Simon K.
F.Lo', Susanna K. P. Lau®*, Patrick C. Y. Woo®»>*5+*

1 Department of Infectious Diseases and Microbiology, The University of Hong Kong - Shenzhen Hospital,
Shenzhen, Guangdong, China, 2 Department of Medical Imaging, The University of Hong Kong - Shenzhen
Hospital, Shenzhen, Guangdong, China, 3 Department of Microbiology, School of Clinical Medicine, Li Ka
Shing Faculty of Medicine, The University of Hong Kong, Pokfulam, Hong Kong, China, 4 Doctoral Program
in Translational Medicine and Department of Life Sciences, National Chung Hsing University, Taichung,
Taiwan, 5 The iEGG and Animal Biotechnology Research Center, National Chung Hsing University,
Taichung, Taiwan

* skplau @hku.hk (SKPL); pcywoo @ hku.hk (PCYW)

Abstract

Rickettsiosis includes a diversity of culture-negative non-specific systemic infections. Labo-
ratory diagnosis of rickettsiosis is often not easy. In this 12-month study, six patients with a
variety of rickettsia infections of the spotted fever group, typhus group and scrub typhus
were diagnosed directly or indirectly by metagenomic next-generation sequencing (mNGS).
The patient with Japanese spotted fever was rapidly made when mNGS analysis of the
patient’s blood revealed Rickettsia japonica sequences. For the two patients with Rickettsia
felis chest infections, the bacterium was detected in the bronchoalveolar lavage of one case
and lung biopsy of the other. Both patients had underlying malignancies, carcinoma of the
breast and carcinoma of the lung respectively, and were on chemotherapy with immunosup-
pressive effect. For the remaining three patients who presented over a period of 13 weeks,
all had fever, headache and the typical eschar. They also had increased serum transami-
nases and responded promptly to doxycycline. However, the Weil-Felix test results of all
three patients were negative. Since we considered the three cases typical of rickettsiosis,
we submitted their serum samples for MNGS analysis. Results showed that Orientia tsutsu-
gamushi sequences were present in the serum of one case. In view of the positive mMNGS
results, we repeated the Weil-Felix test for the residual sera of all three patients and it
revealed that those of the other two cases showed OX-19 titers of 1:640 and 1:160 respec-
tively, inferring that these two patients probably had rickettsiosis of the typhus group. As for
the patient positive for O. tsutsugamushi sequences, we also detected IgM for O. tsutsuga-
mushiin the serum, which double confirmed that it was a case of scrub typhus. mNGS is an
important molecular tool and can complement serology for laboratory diagnosis of
rickettsiosis.
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Author summary

Rickettsiosis includes a diversity of systemic infections presented with non-specific symp-
toms. Laboratory diagnosis of rickettsiosis is often not easy. In this 12-month study, six
patients with a variety of rickettsia infections were diagnosed directly or indirectly by
metagenomic next-generation sequencing (mNGS). These include one patient with Japa-
nese spotted fever in whom Rickettsia japonica sequences were detected in blood, two
patients with Rickettsia felis chest infections in whom R. felis sequences were detected in
respiratory samples, one patient with scrub typhus in whom Orientia tsutsugamushi
sequences were detected in serum, and two patients with rickettsiosis of the typhus group.
In particular, the last three patients had initial false-negative Weil-Felix test results per-
formed in a central reference laboratory but the diagnosis of rickettsiosis was subsequently
confirmed by mNGS and repeated serology. mNGS is an important diagnostic tool for
rickettsiosis and other difficult-to-diagnose systemic infections.

Introduction

The family Rickettsiaceae comprises two major pathogenic genera associated with human
infections, namely Rickettsia and Orientia [1]. For the genus Rickettsia, it consists mainly of
the spotted fever group (e.g. R. conorii [Mediterranean spotted fever], R. felis, R. japonica, R.
rickettsii [Rocky Mountain spotted fever]) and the typhus group (e.g. R. prowazekii [epidemic
typhus], R. typhi [murine typhus]); whereas for Orientia, there is only one major pathogenic
species, O. tsutsugamushi [scrub typhus]. These Gram-negative intracellular bacteria are trans-
mitted by arthropods, R. conorii and R. rickettsii by ticks, R. prowazekii by the human body
louse, R. typhi by rat and cat fleas, and O. tsutsugamushi by chiggers. Clinically, rickettsiosis
usually present with fever, headache and rash, which may be associated with inoculation eschar
and/or localized lymphadenopathy [2]. In addition, neutropenia, thrombocytopenia and mod-
erate increases in liver parenchymal enzymes are common. Since the disease often presents
non-specifically and is sometimes mis-diagnosed, the global burden of rickettsiosis is difficult
to estimate. However, seroepidemiology studies have shown that the infection is indeed not
uncommon. For example, studies in Asia have shown that the general population has a median
seroprevalence of 22% against O. tsutsugamushi [3-6].

Traditionally, laboratory diagnosis of rickettsiosis was mainly achieved by serology [2].
Although largely replaced by more specific antibody detection assays, the Weil-Felix test,
based on cross-reactivity between a number of Proteus antigens and different members of the
Rickettsiaceae family, continues to hold importance in resource-limited regions. Nevertheless,
as the test is based on cross-reactivity, patients with Proteus infections may show false-positive
results. Specific rickettsial antibody test, performed using the immunofluorescence technique,
is currently the standard rickettsial antibody assay. However, these antibody tests are only
available for the better characterized species associated with rickettsiosis, such as R. rickettsii
and R. typhi, but not the newer species such as R. felis and R. japonica; and cross-reactions
between the different species are also common. Polymerase chain reaction using serum sam-
ples collected during the early phase of the disease or eschar swabs could complement the sero-
logical tests [2], but it could be negative during the convalescent phase of the infection,
particularly if the patient has received appropriate antibiotic treatment.

In the last few years, next-generation sequencing (NGS) has emerged as a technology for
laboratory diagnosis of many culture-negative infections [7,8]. We have recently reported its
application in confirming the first case of listeria meningitis in a patient with autoantibody
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against interferon gamma and a patient with fatal Nocardia kroppenstedtii bacteremic pneu-
monia and empyema thoracis as well as understanding the spectrum of Q fever, fungal infec-
tions, Whipple’s disease and culture-negative meningitis and encephalitis [8-13]. In this study,
we report the usefulness of NGS for the laboratory diagnosis of the relatively less common
rickettsiosis as well as re-confirming the diagnosis of scrub typhus and other rickettsia infec-
tions with false-negative Weil-Felix test results.

Materials and methods
Ethical statement

The study was approved by the Medical Ethics Committee of The University of Hong Kong -
Shenzhen Hospital, with patient consent waived because this is a retrospective study and no
additional testing was performed ([2022]120).

Patients

This was a retrospective study conducted over a 12-month period (1% December 2021 to 30*
November 2022) in The University of Hong Kong - Shenzhen Hospital. This 1,700-bed multi-
specialty hospital was established in 2012 and provides primary to tertiary medical services to
the residents of Shenzhen city and as a medical supplementation of Hong Kong residents in
both inpatient and outpatient settings. Shenzhen is the first Special Economic Zone with an
estimated population of nearly 18 million people including a large migrant population from
other regions in China in a variety of jobs. Shenzhen is located in the southeast of Guangdong
Province, which is an endemic area of scrub typhus and immediately north to Hong Kong.
The clinical details, laboratory data and radiological findings of all patients with rickettsiosis
were retrieved from the hospital electronic record system and analyzed. The diagnosis of rick-
ettsiosis was made based on a combination of clinical manifestation, imaging, serological or
molecular test results.

Microbiological methods

Clinical specimens were collected and handled according to standard protocols [14]. The
BacT/ALERT 3D(240) blood culture system (Becton Dickinson, Maryland, USA) was used.
Respiratory specimens, including bronchoalveolar lavage fluid (BAL), tracheal aspirate and
sputum were each inoculated onto blood agar plate, chocolate agar plate, MacConkey agar
plate, Sabouraud dextrose agar (SDA) plate and triphenyltetrazolium chloride SDA plate. All
suspected isolates were identified based on morphological characteristics, conventional bio-
chemical methods and matrix-assisted laser desorption/ionization-time of flight mass spec-
trometry (MALDI-TOF MS) Microflex LT/SH (Bruker Daltonics, Bremen, Germany) and the
spectra analyzed with IVD MALDI Biotyper 2.3 and reference library DB-9607 (Bruker Dal-
tonics). Direct detection of Pneumocystis jirovecii and acid-fast bacilli (AFB) in respiratory
samples were performed by Grocott-Gomori methenamine silver (GMS) stain and Ziehl-Neel-
sen stain, respectively. Respiratory samples of the patients were sent to KingMed Diagnostic
(Guangzhou, China) for mycobacterial culture. 1,3-B-p-glucan detection was performed using
Test Kit for the Detection of Fungus 1,3--p-Glucan (Photometric Assay) (A & C Biological
Ltd, Zhanjiang, China). According to the manufactures’ protocols, real-time PCR for Mycobac-
terium tuberculosis and Mycoplasma pneumoniae were performed using M. tuberculosis DNA
Fluorescence Diagnostic Kit and M. pneumoniae DNA Fluorescence Diagnostic Kit
(PCR-Fluorescence Probing) (Sansure Biotech, Hunan, China), respectively; and real-time
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RT-PCR for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was performed
using 2019-nCoV Nucleic Acid Test Kit (Biogerm, Shanghai, China).

Weil-Felix test

Serum for Weil-Felix test was sent to Shenzhen Center for Disease Control and Prevention
(SZCDC) routinely, whenever rickettsiosis was suspected. The repeated Weil-Felix test was
performed by KingMed Diagnostic (Guangzhou, China) using Febrile Antigens (Rapid Labs
Ltd, United Kingdom) and the tube agglutination test method.

Orientia tsutsugamushi IgM antibody test

O. tsutsugamushi IgM antibody was detected using the OneStep Scrub Typhus IgM Serum/
WB/Plasma RapiDip InstaTest (Diagnostic Automation/Cortez Diagnostics, California, USA).
The test was performed and results interpreted according to manufacturer’s instructions.
Briefly, 10 pL whole blood was added to the test strip and the strip was placed vertically in a
microtiter well. Then, 90-120 pL of the Chase Buffer solution was added into the well and the
results were interpreted in 15 minutes. The test result was considered positive when a control
line and a test line appeared in the test area and negative if only the control line appeared. A
positive result indicated that the Cortez Scrub Typhus IgM rapid dipstick detected antibodies
to mixture of O. tsutsugamushi derived recombinant antigens.

Next-generation sequencing

Ethylene Diamine Tetraacetic Acid (EDTA)-treated blood, tissues, and BAL samples were col-
lected from the patients and sent to KingMed Diagnostic (Guangzhou, China) for metage-
nomic NGS (mNGS) analysis of pathogenic microorganisms [15]. Briefly, DNA was extracted
from the clinical specimens using TTANamp DNA Kit (TTANGEN, Beijing, China). The
extracted DNA was treated with the enzyme mixture in the KS619-DNAmN?24 kit and the
fragments analysed using an automatic nucleic acid protein analyser Qseq-100 (Bioptic,
Jiangsu Province, China). The fragments used for library preparation were within the range of
250-350 bp. Sequencing was performed using the Illumina NextSeq 550Dx platform and data
acquisition conducted through single-end sequencing with a read-length of 75 bp. The
sequencing data generated by mNGS was processed by bcl2fastq software (v2.20.0.422) to
demultiplex sequencing data and convert base calling files into raw fastq-format files. The
adapters, low-quality sequences and duplicated sequences were removed using Fastp (v0.23.1).
Sequence reads originated from human were filtered by aligning the resulting data to human
reference (hg38) using BWA (0.7.17-r1188, Burrow-Wheeler Aligner). Subsequently, the
sequencing reads were compared to classification reference genomes database which con-
tained 13,214 bacteria, 9,811 viruses, 3,180 fungi, and 405 parasites which were downloaded
from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). Self-developed software was used to calcu-
late the number of reads per 20 million (RP20M) for species or genus level and visualization of
sequence alignment. The Jurkat cell model, Curtobacterium citreum, Schizosaccharomyces
pombe and plasmid of MS2 bacteriophage were used as positive controls.

Results
Rickettsia japonica infection

Case 1. A 60-year-old Chinese woman with good past health was admitted because of fever,
chills and headache for six days. One day after the onset of fever, she also developed skin rash
on the trunk. She was prescribed with oral cefuroxime but did not respond to the treatment.
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On admission, her body temperature was 40°C. Macular rash was observed on the four limbs
and the trunk. Parenchymal liver enzymes were elevated (Table 1). Serum procalcitonin level
was 1.99 ng/mL (normal range < 0.25 ng/mL). Blood culture was performed and empirical
intravenous ceftriaxone and oral doxycycline were commenced. mNGS analysis of the blood
sample showed sequence reads of Rickettsia japonica (n = 6) (Table 2), representing around
0.05% of its genome. The fever responded to the ceftriaxone and doxycycline and the rash sub-
sided gradually. Blood culture was negative. Weil-Felix test performed by the SZCDC showed
0X-2, 0X-19 and OX-K titers of < 1:20 (Table 3).

Rickettsia felis infection

Case 2. A 48-year-old Chinese woman was admitted because of fever and shortness of breath
for one day. The patient was diagnosed to have carcinoma of the breast five months ago and
was treated with radical mastectomy followed by 10 courses of cyclophosphamide, doxorubi-
cin and paclitaxel. On admission, her body temperature was 38°C. Her SaO, was 92% on
room ajr. Blood results are shown in Table 1. Computed tomography (CT) scan of the thorax
revealed interstitial infiltrates and sporadic solid nodules in both lungs (Fig 1A). Blood culture
was performed and bronchoalveolar lavage was collected for microbiological investigations.
Empirical intravenous cefoperazone-sulbactam was commenced. Klebsiella pneumoniae, viri-
dans streptococci and Neisseria species were isolated from the BAL. mNGS analysis of the BAL
showed sequence reads of Rickettsia felis (n = 1,469, representing around 0.05% of its genome),
Streptococcus pneumoniae (n = 3,818), K. pneumoniae (n = 45), and other microbes (Table 2).
Oral doxycycline was added for the treatment of possible R. felis infection. The fever and

Table 1. Results of blood tests for patients in the present study.

Blood tests Results

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
WBC (x10°/L) 8.16 7.55 2.79 13.41 9.69 3.13
Hemoglobin (g/L) 134 118 94 110 152 138
Platelet (x10°/L) 119 453 25 357 164 153
Neutrophil (X109/L) 7.24 5.88 2.27 8.49 6.91 2.58
Lymphocyte (x10°/L) 0.61 1.18 0.35 3.55 2.32 0.43
Monocyte (x10°/L) 0.3 0.32 0.17 0.99 0.4 0.12
Eosinophil (x10°/L) 0 0.15 0 0.03 0 0
ALT (U/L) 42.7 28.6 59.7 123.7 218.5 378.4
AST (U/L) 61.6 32.7 22.9 165.7 143.4 699.8
ALP (U/L) 104 106 88 83 82 201
TBIL (umol/L) 23 9.7 6.4 7.2 7 13.4
GGT (U/L) 60.5 36.2 37.8 33 125.5 66.9
Creatinine (umol/L) 78 60 40 66 61 61
D-dimmer (ug/mL) 5.03 Not done Not done Not done Not done 11.02
PT (s) 142 13.4 12.9 13.7 142 137
aPTT (s) 43.1 40.5 41.6 47 36.7 38.9
Fibrinogen (g/L) 3.82 5.53 4.95 4.67 4.29 2.73
CRP (mg/L) 173.75 38.81 103.41 52.37 36.55 39.82
PCT (ng/mL) 1.99 0.1 0.125 0.4 0.75 0.37

Abbreviation: ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; ALP, alkaline phosphatase; TBIL, total bilirubin; GGT, y-glutamyl transferase; PT,

prothrombin time; aPTT, activated partial thromboplastin time; CRP, C-reactive protein; PCT, procalcitonin.

https://doi.org/10.1371/journal.pntd.0012546.t001
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Table 2. Results of mNGS analysis for patients in the present study.

mNGS analysis | Results

Case 1
Specimen EDTA blood
Organism Rickettsia
detected japonica (6),
(number of Torque teno

sequence reads) | midi virus 2 (5)

Case 2 Case 3 Case 4 |Case 5 Case 6

BAL Lung nodule Serum | Serum Serum
Rickettsia felis (1469), Streptococcus R. felis (12), Aspergillus fumigatus None | O. Staphylococcus
mitis (15748), Streptococcus pneumoniae | (185), CMV (87), HHV-6 (11), tsutsugamushi | epidermidis (4),
(3818), Klebsiella pneumoniae (45), Torque teno virus (38), Leclercia (2) Acinetobacter

HHV-7 (9), Prevotella melaninogenica | adecarboxylata (8), Ralstonia
(14316), Neisseria mucosa (4968),
Actinomyces oris (4136), Lautropia

baumannii (4)
mannitolilytica (7), Bifidobacterium
breve (4), Candida parapsilosis (2),

mirabilis (9897), Veillonella atypica EBV (1)
(2178), Schaalia odontolytica (4574),
Porphyromonas somerae (2085),

Haemophilus parainfluenzae (2324),

Gemella haemolysans (2067),

Treponema medium (999), Rothia

mucilaginosa (1557), Granulicatella

adiacens (1202), Peptostreptococcus

stomatis (1182), Parvimonas micra

(955)

Abbreviation: mNGS, metagenomic next-generation sequencing; EDTA, Ethylene diamine tetraacetic acid; BAL, bronchoalveolar lavage fluid; HHV, human herpes

virus; CMV, cytomegalovirus; EBV, Epstein-Barr virus.

https://doi.org/10.1371/journal.pntd.0012546.t002

shortness of breath started to improve three days after the commencement of doxycycline.
Direct GMS staining for Prneumocystis jirovecii and fungal and mycobacterial cultures were
negative. CT scan of the thorax performed 6 weeks after admission showed disappearance of
the interstitial infiltrates in the lungs (Fig 1B).

Case 3. A 56-year-old Chinese man was admitted because of cough and shortness of breath
for two days. The patient was diagnosed to have carcinoma of the lung two months ago and
was treated with paclitaxel, cisplatin, bevacizumab and crizotinib. Two days before this admis-
sion, he developed cough, shortness of breath, oral pain and facial and neck swelling. On
admission, his body temperature was 38°C. His SaO, was 92.3% on room air. Blood results are
shown in Table 1. CT scan of the thorax revealed a mass in the right upper mediastinum,; infil-
trates, consolidation and multiple nodules in both lungs; multiple cervical, supraclavicular and
mediastinal lymph nodes; and pleural effusion; compatible with the underlying malignant con-
dition and a possible recently developed infection (Fig 1C). Blood culture was performed and
sputum was collected for microbiological investigations. Empirical intravenous amoxicillin-
clavulanate was commenced. Despite antibiotic treatment, the fever persisted. Sputum culture
recovered Candida albicans. Serum 1,3-B-p-glucan was positive. Eight days after admission,
amoxicillin-clavulanate was stopped and intravenous piperacillin-tazobactam and fluconazole
were commenced. Twelve days after admission, biopsy of a recently appeared subpleural nod-
ule in the left lung was performed. Histopathological studies showed chronic inflammatory
cells infiltration, granuloma-like structures with multinucleated giant cells, and hyphae-like
structures. Fever gradually subsided. mNGS analysis of the tissue sample showed sequence
reads of Aspergillus fumigatus (n = 185), Rickettsia felis (n = 12, representing <0.01% of its
genome), and other microbes (Table 2). Piperacillin-tazobactam and fluconazole were stopped
and intravenous voriconazole and oral doxycycline were commenced for the treatment of pos-
sible aspergillosis and R. felis infection. The patient remained afebrile and was discharged.
Thoracic CT scan repeated 9 weeks later showed that both the pulmonary infiltrates and pleu-
ral effusion have been largely resolved (Fig 1D).
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Table 3. Results of rickettsia serology tests for patients in the present study.

Rickettsia serology tests Results

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Admission Weil-Felix test
0X-19 < 1:20 Not done Not done < 1:20 < 1:20 < 1:20
0X-2 < 1:20 Not done Not done < 1:20 < 1:20 < 1:20
OX-K < 1:20 Not done Not done < 1:20 < 1:20 < 1:20
Repeated Weil-Felix test
0X-19 Not done Not done Not done 1:640 < 1:20 1:160
0X-2 Not done Not done Not done < 1:20 < 1:20 < 1:20
OX-K Not done Not done Not done < 1:20 < 1:20 < 1:20
Specific rickettsia serology test
Orientia tsutsugamushi IgM | Not done ‘ Not done ‘ Not done ‘ Negative ‘ Positive Negative

https://doi.org/10.1371/journal.pntd.0012546.t003

Orientia tsutsugamushi and other rickettsia infection

Case 4. A 48-year-old Chinese woman with good past health was admitted because of fever
and headache for 12 days. The fever and headache were associated with fatigue and poor appe-
tite. Eight days before admission, skin rash developed on both thighs and spread to the trunk
and both upper limbs. She was prescribed with oral cephalosporin and antihistamines by
another hospital but did not respond to the treatment. On admission to our hospital, her body
temperature was 37.9°C. Purpuric rash was observed on the four limbs and the trunk. An
eschar was noted on the right lateral chest wall (Fig 2A). Multiple painless cervical lymph
nodes were palpable. Parenchymal liver enzymes were elevated (Table 1). A clinical diagnosis
of rickettsia infection was made and oral doxycycline was commenced. Although the fever
responded promptly and the rash subsided gradually, Weil-Felix test performed by the
SZCDC showed OX-2, 0OX-19 and OX-K titers of <1:20 (Table 3).

Fig 1. Thoracic computed tomography scan of Case 2 and 3 before and after specific antibiotic treatment. Panel A:
Case 2, day 9 after admission, showing diffuse interstitial infiltrates and ground-glass nodules in both lungs; Panel B:
Case 2, day 40 after admission, showing clearance of infiltrates and nodules; Panel C: Case 3, day 5 after admission,
showing infiltrates in the posterior segment of the upper lobe of the right lung; Panel D: Case 3, day 64 after admission,
showing clearance infiltrates.

https://doi.org/10.1371/journal.pntd.0012546.9001
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Fig 2. Clinical-radiological assessment of Case 4, 5 and 6. Panel A: eschar on lower back of Case 4; Panel B: eschar
on abdominal wall of Case 5; Panel C: eschar on lower back of Case 6; Panel D: color doppler flow imaging for the left
leg of Case 6, showing a 2.66 cm x 0.681 cm hypoechoic clot in the intermuscular vein lumen of the left leg (arrow),
non-compressibility of the vein, and no spontaneous venous flow in the local intermuscular veins.

https://doi.org/10.1371/journal.pntd.0012546.g002

Case 5. A 42-year-old Chinese male sanitation worker with good past health was admitted
because of fever and headache for one week. The fever and headache were associated with
poor appetite. He was self-medicated with oral cephalosporin but he did not respond to the
treatment. On admission, his body temperature was 39.9°C. An eschar was noted at the center
of the abdominal wall (Fig 2B). Parenchymal liver enzymes were elevated (Table 1). A clinical
diagnosis of rickettsia infection was made and oral doxycycline was commenced. Although the
fever and headache responded promptly, Weil-Felix test performed by the SZCDC showed
0X-2, OX-19 and OX-K titers of < 1:20 (Table 3).

Case 6. A 58-year-old Chinese female sanitation worker with good past health was admitted
because of fever and headache for one week. The fever and headache were associated with nau-
sea and vomiting. Six days before admission, she was prescribed with oral oseltamivir but she
did not respond to the treatment. On admission, her body temperature was 38.6°C. An eschar
was noted on the right lower back (Fig 2C). She had lymphopenia and thrombocytopenia and
the liver enzymes were markedly elevated (Table 1). The serum D-dimer level was 11.02 ug/
mL (normal < 0.5 pg/mL), although the prothrombin time and activated partial thromboplas-
tin time were in normal range. A clinical diagnosis of rickettsia infection was made and oral
doxycycline was commenced. Doppler ultrasound examination revealed deep vein thrombosis
of the lower limbs (Fig 2D). Low molecular weight heparin and then rivaroxaban were pre-
scribed. Although the fever, headache and deep vein thrombosis responded promptly, Weil-
Felix test performed by the SZCDC showed OX-2, OX-19 and OX-K titers of < 1:20 (Table 3).

NGS and retrospective confirmation of Case 4, 5 and 6 as O. tsutsugamushi and other rickett-
sia infection. Since all three patients were highly suspected to have rickettsia infections despite
negative Weil-Felix test, their serum samples were sent for mNGS analysis. Results revealed
that sequence reads of O. tsutsugamushi (n = 2, representing <0.01% of its genome) were pres-
ent in the serum sample of Case 5, but not Case 4 or 6 (Table 2). Due to the positive NGS
results, Weil-Felix test was repeated on the residual serum samples of Case 4, 5 and 6 that were
previously tested “negative” by SZCDC, and O. tsutsugamushi IgM detection was also
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performed. Results showed OX-19 titers of 1:640 and 1:160 (OX-2 and OX-K titers < 1:20) for
Case 4 and 6 respectively and positive O. tsutsugamushi IgM for Case 5 (Table 3).

Discussion

In this study, we demonstrated the usefulness of NGS for the laboratory diagnosis for a variety
of rickettsia infections, including the relatively uncommon rickettsiosis such as R. japonica
and R. felis infections. R. japonica, associated with severe tick-borne rickettsiosis of the spotted
fever group, was first reported in Japan in 1984 [16]. Japanese spotted fever is mainly reported
from Japan, with some cases in South Korea, the Philippines and Thailand [17]. However, Jap-
anese spotted fever is not common in China. It has been reported recently that Japanese spot-
ted fever could be severe with disseminated intravascular coagulation, and sometimes it can
even be fatal or associated with serious sequalae such as purpura fulminans requiring amputa-
tion or skin graft [18]. In the present study, our patient with Japanese spotted fever (Case 1)
presented non-specifically with fever, chills, headache and a macular rash but without an
eschar. The diagnosis was rapidly made when mNGS analysis revealed sequence reads of R.
japonica and the patient responded promptly to doxycycline without any complications. As
for R. felis, it is mainly transmitted by the cat flea (Ctenocephalides felis), although it has also
been detected in a variety of arthropods, such as mosquitoes, ticks and mites [19]. Similar to
the other rickettsiosis, flea-borne spotted fever is usually a systemic disease. R. felis has never
been reported to be detected in respiratory samples. In the present report, R. felis was detected
in the BAL of Case 2 and lung biopsy tissue of Case 3. Both patients had underlying malignan-
cies, carcinoma of the breast (Case 2) and carcinoma of the lung (Case 3) and were on chemo-
therapy with immunosuppressive effect. In addition to R. felis, other potential pathogens were
also detected in the patients’ BAL samples, Streptococcus pneumoniae and K. pneumoniae in
Case 2 and Aspergillus fumigatus in Case 3. Although R. felis may not be the only cause of the
chest infections in these two patients, treatment with doxycycline as well as antibiotics/antifun-
gals resulted in clearance of the pulmonary infiltrates as demonstrated in the interval CT scan
of the thorax.

In addition to picking up patients with R. felis and R. japonica infections of the spotted
fever group, NGS is also useful for rectifying the diagnosis of scrub typhus and other rickettsia
infections with false-negative Weil-Felix test results. In this study, Case 4, Case 5 and Case 6
presented to our hospital over a period of 13 weeks. All three patients had fever, headache and
the typical eschar which was almost considered as diagnostic for rickettsia infection. In addi-
tion, they all had increased serum transaminase levels and they responded promptly to doxycy-
cline treatment. However, the Weil-Felix test results of all three patients performed by the
SZCDC were negative. Since we considered the three cases typical of rickettsiosis but with neg-
ative Weil-Felix test results, we submitted the serum samples of them for mNGS analysis.
Results showed that O. tsutsugamushi sequences were indeed present in the serum of Case 5,
although not for Case 4 and 6. In view of the positive NGS results for Case 5, we repeated the
Weil-Felix test for the residual serum samples of all three patients and it showed that the
serum samples of Case 4 and Case 6 showed OX-19 titers of 1:640 and 1:160 respectively, with
OX-2 and OX-K titers < 1:20. In general, Proteus OX-19 antigen reacts strongly with sera of
patients with rickettsiosis of either the typhus group or the spotted fever group, Proteus OX-2
antigen reacts strongly with sera of patients with rickettsiosis of the spotted fever group, and
Proteus OX-K antigen reacts strongly with sera of patients with scrub typhus. Since the sera of
Case 4 and 6 have high OX-19 titers but OX-2 and OX-K titers of < 1:20, it was likely that
these two patients had rickettsiosis of the typhus group. As for Case 5, in addition to the pres-
ence of O. tsutsugamushi sequence reads, we also detected IgM for O. tsutsugamushi in the
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serum, which double confirmed that Case 5 was a case of scrub typhus. It is of note that deep
vein thrombosis is extremely rare in patient with rickettsiosis, with only a few cases reported
in the literature [20-25]. Although NGS is a useful diagnostic tool, it is also important to point
out that NGS is not a laboratory test with perfect sensitivity and specificity. The imperfect sen-
sitivity was well-illustrated by Case 4 and 6 in the present scenario, where NGS results were
negative for the two cases of scrub typhus; whereas its low specificity was demonstrated by
both the present and our previous studies, where NGS analysis often resulted in detecting
sequence reads of a few dozens of microbes, which could be the genuine pathogens, colonizers
or contaminants [8,10,12,13]. For example, in Case 2 of the present study, apart from R. felis,
sequence reads of 18 additional microbes were also detected by NGS, of which all were consid-
ered as colonizers or contaminants (Table 2). In clinical practice, NGS and serology should
complement each other for laboratory diagnosis of rickettsiosis, and all NGS results must be
interpreted in the clinical context of the patient. Afterall, NGS is of particular importance for
early diagnosis and treatment of rickettsiosis, and has a potential role in guiding public health
interventions when an outbreak may have occurred.

NGS would continue to be an important diagnostic tool for culture-negative systemic infec-
tions. For culture-negative systemic infections, such as Q fever, Whipple disease and rickettsio-
sis, failure to make a diagnosis is mainly due to the difficulty for the clinician to recognize the
disease or lack of laboratory support to confirm the diagnosis. For Q fever, in modern cities
where farms are not commonly found, clinicians are often unfamiliar with the diverse presen-
tations of this disease. Moreover, the infection is often self-limited or it may be treated empiri-
cally with doxycycline. For Whipple disease, manifestations can be diverse and it can present
in different forms, including transient and acute infection, asymptomatic carriage, localized
Whipple disease such as culture-negative endocarditis, classic and systemic Whipple disease
and Whipple disease in association with immunosuppression. Failure of entertaining the infec-
tion as a differential diagnosis will result in failing of ordering the corresponding laboratory
tests. In addition to the difficulty in recognizing the possible diagnosis clinically, laboratory
diagnosis of these infections is also challenging. Isolating the corresponding bacteria in these
infections is notoriously difficult and usually not attempted. Serology, if available, could be
associated with false-negative results; as for example, in Cases 4, 5 and 6 in the present study.
This is partly due to the low incidence of the diseases and hence the technicians may be unfa-
miliar with the protocol and interpretation of the test results. Although specific PCR tests have
improved the sensitivity of picking up the microbes, it still requires the clinician to have a high
index of suspicion so that the corresponding PCR test is requested. As NGS is a one-technol-
ogy-for-all-pathogen laboratory test, it can be performed even if the clinician does not have a
good idea of what the culprit of the infection is. Moreover, it can also save the trouble of
designing and maintaining multiple sets of PCR reactions for these difficult cases. Our recent
studies on Q fever and Whipple disease [11,12], and the present study on rickettsiosis, have
illustrated the usefulness of NGS for the diagnosis of the corresponding infections. In particu-
lar, all the cases with sequence reads of Tropheryma whipplei detected in the respiratory sam-
ples of the patients were atypical of Whipple disease [12]; and the present study is also the first
one to pick up R. felis in respiratory samples. Further systematic studies should be carried out
to document the usefulness, cost-effectiveness as well as clinical and public health impact of
NGS on culture-negative infections. Clinical guidelines should also be formulated on the role
of NGS in various clinical settings.
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