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Abstract
BACKGROUND
[bookmark: OLE_LINK4]Chlamydia psittaci (C. psittaci) is a gram-negative intracellular parasitic pathogenic bacterium that can infect avian and mammalian hosts, including humans. The detection of C. psittaci infections typically relies on traditional antigen-based immunoassays or serological testing that often lack sensitivity and/or specificity. Metagenomic next generation sequencing (mNGS) is an emerging tool for diagnosis.

AIM
To demonstrate that mNGS represents a valuable tool for rapid, sensitive, and accurate pathogen detection including C. psittaci infections.

METHODS
Four cases of psittacosis pneumonia and one case of pediatric psittacosis meningitis were diagnosed between December 2019 and May 2020 using mNGS at Changzhou Second People’s Hospital affiliated to Nanjing Medical University. Patients’ clinical characteristics, manifestations, and treatment histories were retrospectively evaluated. 

RESULTS
All five patients had a history of exposure to wild (psittacine or other birds) or domesticated birds (chickens). All patients had a high fever (> 39℃) and three of them (60%) experienced organ insufficiency during the disease. The laboratory data showed normal to slightly increased leucocyte and neutrophil counts, and elevated procalcitonin levels in all five cases, and very high C-reactive protein levels in psittacosis pneumonia patients. mNGS identified a potential pathogen, C. psittaci, in patients’ bronchoalveolar lavage fluid or cerebrospinal fluid. Computed tomography revealed lung air-space consolidation, pleural thickening, and effusion fluid buildup in psittacosis pneumonia cases, and an arachnoid cyst in the right temporal lobe of the pediatric psittacosis meningitis patient. All patients experienced complete recovery following the administration of targeted anti-chlamydia therapy. 

CONCLUSION
This study not only demonstrated that mNGS represents a valuable tool for rapid, sensitive, and accurate pathogen detection, but also raised public health concerns over C. psittaci infections.
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Core Tip: Detection of Chlamydia psittaci (C. psittaci) infections relies on traditional antigen-based immunoassays or serological testing that often lack sensitivity and/or specificity. Our data not only reinforce that metagenomic next generation sequencing represents a valuable tool for rapid, sensitive, and accurate pathogen detection, including the identification of C. psittaci, but also raise public health concerns over C. psittaci infections.

INTRODUCTION
Chlamydia are gram-negative intracellular parasitic pathogenic bacteria that can infect avian and mammalian hosts, including humans. Chlamydia can be parasitic in bird tissues, blood and feces, and is also a zoonotic disease with bird breeders, in particular, at increased risk of developing chlamydia infections. 
Poultry infections are typically asymptomatic; however, once humans are infected with Chlamydia, it may cause multiple diseases, including those of the respiratory tract, gastrointestinal tract, cerebrospinal fluid (CSF), eyes, and serous cavity. Such infections may also induce pneumonia, gastroenteritis, encephalitis, arteriosclerosis, macular degeneration, and damage to multiple organs such as the liver, spleen, kidney, and myocardium. Although there have been many reports on Chlamydia[1,2], there is still a lack of sufficient attention to Chlamydia infections in humans’ daily lives and in clinical practice. Moreover, adequate detection methods with high sensitivity and specificity are also lacking in clinical practice; thus, leading to delays in diagnosis and an aggravation of disease[3]. 
Unlike traditional antigen-based immunoassays or serological testing, metagenomic next generation sequencing (mNGS) is an emerging technique to support pathogen detection[4-6]. mNGS can not only overcome the limitations of routine clinical microbial pre-culture methods but can also identify new or unexpected pathogens. Herein, we report a series of five patients whose bronchoalveolar lavage fluid (BALF) or CSF underwent mNGS testing and were diagnosed with Chlamydia infections. Consequently, the patients received targeted antibiotic therapy and recovered quickly. 

MATERIALS AND METHODS
Patients
Patients were admitted to the Department of Respiratory and Critical Care Medicine and the Department of Pediatrics at Changzhou Second People’s Hospital affiliated to Nanjing Medical University between December 2019 and May 2020. An etiologic diagnosis was not known at the time of admission. Patients’ clinical characteristics, manifestations, and treatment history were retrospectively evaluated.  The treating physicians were informed about the research-based mNGS results through a reporting mechanism approved by the Institutional Review Board of Changzhou Second People’s Hospital. Written informed consent was obtained from each patient prior to sample collection.

mNGS protocol
mNGS was performed in a Clinical Laboratory Improvement Amendments-certified and College of American Pathologists-accredited laboratory (Nanjing Geneseeq Technology, Jiangsu Province, China). BALF and CSF samples were collected from patients as previously described[7]. Genomic DNA was extracted using the TIANamp Magnetic DNA Kit (Tiangen) according to the manufacturer’s protocols. The quantity and quality of DNA were assessed using Qubit (Thermo Fisher Scientific) and NanoDrop (Thermo Fisher Scientific) instruments, respectively. DNA libraries were prepared using the KAPA Hyper Prep Kit (KAPA Biosystems) according to the manufacturer’s protocols. An Agilent 2100 was used for quality control and DNA libraries were 75 bp single-end sequenced on an Illumina NextSeq 550Dx (Illumina).

Bioinformatics analysis
An in-house bioinformatics pipeline was developed for pathogen detection. Briefly, Trimmomatic v.0.36 software[8] was used to generate high-quality sequencing data by removing low quality reads, adapter contamination, duplicated and short (length < 36 bp) reads. Human host sequences were filtered by mapping to the human reference genome (hs37d5) using Bowtie2 software[9]. Kraken 2 (v2.0.7) software[10] was used to assign nonhuman sequences to the microbial genome database, which contains more than 20,000 genome sequences of bacteria, fungi, viruses, and parasites for sequence alignment (ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/). To distinguish putative pathogens from contaminating microbial sequences derived from skin, collection tubes, laboratory agents, or the environment, negative ‘no-template’ control (NTC) samples were analyzed in parallel. Unique nonhuman sequences were identified only if the detected reads were > 10-fold higher than that in the NTC samples. For bacteria (excluding Mycobacterium, Nocardia and Legionella pneumophila), fungi, viruses, and parasites, the result was considered positive if a species detected by mNGS had at least three non-overlapping reads. 

Data interpretation
A final sequencing list of suspected pathogenic microorganisms was obtained after removal of common background microorganisms compared to the NTCs. The top-ranked taxa were considered with respect to the clinical features of the patient. Microbes with known pathogenicity that could cause a clinical phenotype concordant with the clinical presentation were considered the potential infectious agents.

RESULTS
Patient characteristics
Four adult patients (three males and one female) and one male pediatric patient were retrospectively studied. The characteristics of all patients are summarized in Table 1. All patients had avian exposure history and were admitted to the hospital due to remittent fever of higher than 39°C. Other symptoms were also observed, including coughing in three adult patients and dizziness, vomiting, and convulsions in the pediatric patient (patient 5). Four patients developed chills, chest tightness, and asthma, and three patients developed dry cough and chest pain. The clinical symptoms were heterogeneous and non-specific, including listlessness, mild cyanosis of the lips, red and swollen pharynx, and thick breath sounds in both sides of the lungs or the right lower lung lobe only. Of note, patient 5 developed Brudzinski-positive and Babinski-positive symptoms, with a capillary filling time of less than 3 s.

Clinical investigations 
All patients underwent physical examinations and blood tests upon hospital admission. The evaluations were indicative of inflammation, including a white blood cell count ranging from 2.93 × 109 /L to 24.01 × 109 /L, a neutrophil percentage ranging from 49.9% to 88.2%, a platelet count ranging from 106.00 × 109 /L to 301.00 × 109 /L, the clinical inflammatory factor procalcitonin (PCT) level ranging from 0.01 to 4.28 ng/mL, and a C-reactive protein level ranging from 6.3 mg/L to 225.4 mg/L (Table 1). In addition, three patients had increased levels of aspartate aminotransferase and/or glutamate aminotransferase (Table 1). 
Computed tomography (CT) imaging showed varying degrees of lung inflammation in all patients. Patient 1 had chronic bronchial emphysema in both lungs, air-space consolidation in the lower right lung lobe, thickening of the left pleura, and an enlarged spleen (Figure 1A). Patient 2 had bilateral pleural effusion fluid buildup and nodules in the lower left lobe (Figure 1B). Patient 3 had inflammation with pleural effusion fluid buildup in the right lung (Figure 1C). Patient 4 had inflammation of the upper right lobe and air-space consolidation in the lower lobes of both lungs. Patient 4 also had small nodules in the lower right lobe as well as left pleural cavity and interlobular effusion (Figure 1D). The pediatric patient, patient 5, underwent a brain CT, which showed an arachnoid cyst in the right temporal lobe (Figure 1E). 

Treatment
[bookmark: OLE_LINK5]Patient 1 was initially treated with piperacillin, tazobactam, and etimicin, but no benefit was observed. A fiberoptic bronchoscopy was then performed and BALF was immediately subjected to mNGS testing. The mNGS results revealed the presence of Chlamydia psittaci (C. psittaci) (Table 2). The patient then received moxifloxacin and recovered rapidly, as shown by chest radiographs (Figure 2A). 
Patient 2 had self-administered acetaminophen prior to hospital admission and was initially treated with ganciclovir plus tigecycline. The patient’s BALF was subjected to mNGS and was diagnosed with a co-infection of C. psittaci and Candida albicans (Table 2). After receiving ganciclovir plus tigecycline for 10 d, CT scans revealed that the patient’s lung lesions were significantly absorbed (Figure 2B). 
Patient 3 had taken acetaminophen prior to hospital admission and was initially treated with piperacillin, tazobactam, and moxifloxacin. However, no benefits from these therapies were observed. mNGS testing of the patient’s BALF was performed and revealed two C. psittaci-specific reads, but no other potential pathogenic microbe sequences (Table 2). After receiving tigecycline, the patient’s body temperature decreased and his lung lesions were significantly absorbed, as shown on chest radiographs (Figure 2C). 
Patient 4 had self-administered acetaminophen, and was initially administered piperacillin, tazobactam, and moxifloxacin following hospital admission. The patient’s BALF underwent mNGS after her body temperature decreased, and she was diagnosed with a C. psittaci infection (Table 2). The patient rapidly recovered after receiving targeted antibiotic treatment, and her lung lesions were significantly absorbed, as shown on CT images (Figure 2D).
The pediatric patient (patient 5) had no history of medication. He was initially treated with ceftazidime after hospital admission, with very little benefit. He was then switched to vancomycin and ceftriaxone; however, no benefit was observed. The patient’s CSF was then collected for mNGS, which revealed the presence of C. psittaci and Streptococcus pneumoniae (S. pneumoniae) (Table 2). The patient received azithromycin, rifampicin, and vancomycin, after which, he recovered quickly, as shown on brain magnetic resonance imaging (Figure 2E). 
None of the patients had any symptoms such as fever or cough after hospital discharge. 

DISCUSSION
In this study, we found that all five patients had a history of exposure to birds (psittacine or other birds) or poultry (chicken). This finding emphasized the necessity for physicians to inquire about patients’ living environments and animal contact histories to identify suspicious cases. In addition, our patient cohort consisted of male and female patients with ages ranging from 5 to 75 years. Three of the cases displayed organ function insufficiency, and all of the cases exhibited common features of Chlamydia infection, which targets individuals regardless of their age or sex. Following anti-Chlamydia treatment, the symptoms significantly improved, and the patient outcomes were further confirmed using CT imaging, thus, suggesting the effectiveness of the treatments. 
Another interesting finding of this study was that Chlamydia was not only detected in BALF but also in CSF, a finding that has not been widely reported and requires further investigation. Furthermore, we demonstrated the clinical utility of mNGS to sensitively detect microbial infections, including those containing different bacteria, viruses, and fungi. mNGS revealed that two patients in our cohort were also positive for C. albicans (patient 2) and S. pneumoniae (patient 5), in addition to C. psittaci. For instance, mNGS results revealed the co-occurrence of C. psittaci and S. pneumoniae in the CSF specimen of patient 5, while the genome coverage rate of C. psittaci (7.76%) was much greater than that of S. pneumoniae (0.73%) indicative of a higher pathogen load of C. psittaci. The patient fully recovered following anti-Chlamydia treatment; however, it did not rule out possible co-infection as S. pneumonia can also cause meningitis and induce inflammation resulting in blood-brain barrier disruption[11,12]. Those findings emphasize the complexity of diseases related to microbial infections and highlight the importance of treating patients using personalized anti-infective drug combinations. 
This study also raised public health concerns over C. psittaci infections. C. psittaci research began in the 1930s when psittacosis infections were spreading globally. Sir Frank Macfarlane Burnet, a famous Australian virologist, immunologist, and Nobel laureate, was the first person to study this bacterium[13]. Infections with C. psittaci, a zoonotic pathogen, are rarely reported in humans, and approximately 1% of community-acquired pneumonia may be caused by Chlamydia infections[1]. The clinical manifestations of C. psittaci infections vary from asymptomatic to mild respiratory symptoms, while some severe cases affect multiple organs[14]. As patients with asymptomatic and mild symptoms are prone to misdiagnosis or self-healing, the actual incidence C. psittaci infections in humans may be higher[15]. Currently, conventional diagnostic approaches, including culturing, serologic assays, and PCR are used to detect C. psittaci infections; however, none of these methods provide timely and accurate results, which may delay detection and exacerbate the disease[16,17]. Therefore, alternative detection approaches, such as mNGS should be considered for the diagnosis of infectious diseases.
Despite the complexity of different infectious diseases, mNGS technology can provide rapid and comprehensive diagnoses. mNGS detects all microbial nucleic acids in a sample and identifies suspected pathogenic microorganisms. Current mNGS technologies can detect 20000 types of bacteria (including 400 types of Mycobacteria and 400 types of Mycoplasma/Chlamydia/Rickettsia), 4600 types of viruses, 1800 types of fungi, and 100 types of parasites[18]. Moreover, when coupled with machine learning analyses, mNGS can also identify suspected drug resistance genes, which broadens the application of mNGS in disease diagnosis. Overall, our findings demonstrated that mNGS represents a valuable tool for rapid, sensitive, and accurate pathogen detection. 

CONCLUSION
Our study highlights the risk of bird/poultry exposure and C. psittaci infections, as they may underlie a potential public health problem. mNGS represents a valuable tool for rapid, sensitive, and accurate pathogen detection, including the detection of C. psittaci; thus, enabling clinicians to adopt personalized and appropriate treatments.

ARTICLE HIGHLIGHTS
Research background
Chlamydia psittaci (C. psittaci) is a gram-negative intracellular parasitic pathogenic bacterium that can infect avian and mammalian hosts, including humans. The detection of C. psittaci infections typically relies on traditional antigen-based immunoassays or serological testing that often lack sensitivity and/or specificity. 

Research motivation
This study provides evidence to illustrate metagenomic next generation sequencing (mNGS) as a promising clinical-microbiology tool for pathogen detection.

Research objectives
This study aimed to demonstrate that mNGS represents a valuable tool for rapid, sensitive, and accurate pathogen detection including C. psittaci infections.

Research methods
Four cases of psittacosis pneumonia and one case of pediatric psittacosis meningitis were diagnosed using mNGS. Patients’ clinical characteristics, manifestations, and treatment histories were retrospectively evaluated. 

Research results
All five patients had a history of exposure to wild (psittacine or other birds) or domesticated birds (chickens). All patients had a high fever and three of them experienced organ insufficiency during the disease. The laboratory data showed normal to slightly increased leucocyte and neutrophil counts, and elevated procalcitonin levels in all five cases, and very high C-reactive protein levels in psittacosis pneumonia patients. mNGS identified a potential pathogen, C. psittaci, in patients’ bronchoalveolar lavage fluid or cerebrospinal fluid. Computed tomography revealed lung air-space consolidation, pleural thickening, and effusion fluid buildup in psittacosis pneumonia cases, and an arachnoid cyst in the right temporal lobe of the pediatric psittacosis meningitis patient. All patients experienced complete recovery following the administration of targeted anti-Chlamydia therapy. 

Research conclusions
Our data not only reinforce that mNGS represents a valuable tool for rapid, sensitive, and accurate pathogen detection, including C. psittaci, but also raise public health concerns over C. psittaci infections.

Research perspectives
Despite the complexity of different infectious diseases, mNGS technology can provide rapid and comprehensive diagnoses. The application of mNGS in disease diagnosis can be further broadened by coupling with machine learning algorithms in various aspects including the identification of suspected drug resistance genes.
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Figure Legends
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Figure 1 Chest and brain imaging of patients at diagnosis. A: Chest computed tomography (CT) images of patient 1, the red arrows indicate changes of chronic bronchitis emphysema in both lungs, the right lower lung space, a thickened left pleura, and splenomegaly; B: Chest CT images of patient 2, the red arrows indicate inflammation of the right lung, bilateral pleural effusion fluid buildup, and small nodules in the lower left lobe; C: Chest CT images of patient 3, the red arrows indicate right lung inflammation with pleural effusion fluid buildup; D: Chest CT images of patient 4, the red arrows indicate air-space consolidation in the upper and lower lobes of the right lung, small nodules in the right lower lobe, and effusion fluid buildup in the left thoracic cavity and between the lobes; E: Brain magnetic resonance imaging images of patient 5, the red arrows indicate an arachnoid cyst in the right temporal lobe. 

[image: ]
Figure 2 Chest and brain imaging showed lesion absorption following anti-Chlamydia treatment in patients. A: Chest X-ray image of patient 1; B: Chest computed tomography (CT) images of patient 2; C: Chest X-ray image of patient 3; D: Chest CT images of patient 4; E: Brain magnetic resonance imaging image of patient 5. All patients experienced complete recovery after treatment with anti-Chlamydia antibiotics.

Table 1 Patients’ demographic and clinical characteristics
	Patient No.
	1
	2
	3
	4
	5

	Sex
	M
	M
	M
	F
	M

	Age (yr)
	75
	73
	44
	66
	5

	Symptoms
	Fever, cough
	Fever
	Fever, cough
	Fever, cough
	Fever, dizziness, vomiting, convulsions

	Chronic disease
	Hypertension, diabetes, coronary heart disease, lacunar infarction, prostatic hyperplasia, amoebic dysentery
	Hepatitis B
	No history
	No history
	No history

	Exposure history
	Birds
	Chickens
	Birds
	Psittacine birds
	Birds

	Fever
	39.7℃
	40.9℃
	40.1℃
	40.0℃
	39.9℃

	Leucocytes
	8.46 × 109/L
	2.98 × 109/L
	14.51 × 109/L
	2.93 × 109/L
	24.01 × 109/L

	Neutrophils
	83.20%
	83.20%
	85.20%
	49.90%
	88.20%

	Platelet count
	106.00 × 109/L
	106.00 × 109/L
	191.00 × 109/L
	286.00 × 109/L
	301.00 × 109/L

	Procalcitonin
	1.65 ng/mL
	0.49 ng/mL
	0.01 ng/mL
	0.19 ng/mL
	4.28 ng/mL

	C-reactive protein
	241.70 mg/L
	169.00 mg/L
	225.40 mg/L
	96.30 mg/L
	6.30 mg/L

	Aspartate aminotransferase
	53.5 U/L
	Normal
	Normal
	65.1 U/L
	Normal

	Glutamate aminotransferase
	Normal
	Normal
	124.2 U/L
	172.3 U/L
	Normal

	Urea nitrogen
	14.5 mmol/L
	Normal
	Normal
	Normal
	Normal

	Creatinine
	353.0 μmol/L
	Normal
	Normal
	Normal
	Normal

	[bookmark: OLE_LINK7]Mycoplasma pneumoniae IgG titer
	1:40
	Negative
	1:40
	Negative
	1:160

	CSF culture
	N/A
	N/A
	N/A
	N/A
	Streptococcus pneumoniae

	Diagnosis
	Psittacosis pneumonia
	Psittacosis pneumonia
	Psittacosis pneumonia
	Psittacosis pneumonia
	Purulent meningitis, Psittacosis meningitis

	Antibiotics
	Piperacillin, tazobactam, etimicin, moxifloxacin
	Ganciclovir, tigecycline
	Piperacillin, tazobactam, moxifloxacin, tigecycline
	Piperacillin, tazobactam, moxifloxacin
	Ceftazidime, vancomycin, ceftriaxone sodium, azithromycin, rifampicin

	Hospitalization (d)
	13
	11
	11
	10
	23


CSF: Cerebrospinal fluid; N/A: Not applicable. 
Table 2 Pathogenic microorganisms detected using metagenomic next generation sequencing
	Patient No.
	Total reads
	Chlamydia psittaci
	Other microbes detected

	
	
	Reads
	Genome coverage rate
	Reads
	Genome coverage rate

	1
	22128603
	231
	1.45%
	-
	-

	2
	33738995
	305
	1.81%
	207
	0.11% (Chlamydia albicans)

	3
	50359059
	2
	0.01%
	-
	-

	4
	41903841
	6
	0.02%
	-
	-

	5
	18745727
	2137
	7.76%
	388
	0.73% (Streptococcus pneumonia)


[bookmark: _Hlk57814199]Genome coverage rate was defined as matched reads length per genome length. 
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