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Purpose: Severe pneumonia causes the highest mortality rate in immunocompromised patients. This study aimed to investigate the 
pathogen diagnostic efficacy of metagenomic next-generation sequencing (mNGS) using sputum sample in patients with pneumonia 
according to patients’ disease severity and immune conditions.
Patients and Methods: A total of 180 patients suffering from pneumonia were recruited, and sputum samples were collected in 
duplicate for pathogen detection by both conventional microbiological tests (CMT) and mNGS. Then, the performance of pathogen 
identification was examined between two methods, according to disease severity and patients’ immune status.
Results: In comparison to CMT, mNGS had higher positivity rates in all patients with pneumonia (85.0% vs 62.2%, P=9.445e-07). The most 
commonly detected microorganism in sputum of pneumonia patients was Acinetobacter baumannii (42/180, 23.3%) in bacterum level, 
Candida albicans in fungus level (44/180, 24.4%), and Human herpesvirus 1 (39/180, 27.5%) in virus level. However, for mNGS results, 
Candida albicans in 34.9% of positive patients, and Human herpesvirus 1 in 7.7% of positive cases were confirmed as pathogens causing 
pneumonia. Acinetobacter baumannii detected by mNGS in 75% of positive patients was diagnosed as pathogen of pneumonia. The 
microorganism profile of sputum mNGS differed according to disease severity and immune status of patients. Pneumocystis jirovecii was 
more likely to infect immunocompromised patients (P=0.002). Pseudomonas aeruginosa (14.8% vs 0.0%, P=0.008) and Human herpesvirus 1 
(26.1% vs 5.3%, P=0.004) had higher infection rate in patients with severe pneumonia compared with non-severe cases. mNGS had 
overwhelming advantages over CMT in detecting a lot of microorganisms including Streptococcus pneumoniae, Enterococcus faecium, 
Pneumocystis jirovecii, and majority of viruses.
Conclusion: mNGS is a complementary tool of CMT for detecting suspected pathogens for patients with lower respiratory infections. 
The interpretation of opportunistic pathogens identified by mNGS is challenging, and needs comprehensive consideration of sequen-
cing data and clinical factors.
Keywords: lower respiratory infections, severe pneumonia, immunocompromised patient, conventional microbiological test, 
metagenomic-next generation sequencing

Introduction
Lower respiratory infections (LRIs) are the world’s most deadly communicable disease and ranks fourth as the primary 
cause of death globally according to the World Health Organization (WHO) 2019 report.1,2 LRIs include hospital- 
acquired pneumonia (HAP), community-acquired pneumonia (CAP), bronchiolitis, bronchitis, and tracheitis.3,4 

Immunocompromised patients have a higher risk of experiencing severe pneumonia, that is a major factor in mortality 
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rate of these patients and a primary reason for admission to intensive care units (ICU).5,6 Fast and accurate verification of 
the causative pathogens is imperative as it helps avoid empirical misuse of wide-spectrum antibiotics and improves the 
clinical outcomes of immunocompromised patients with severe pneumonia.7

Pneumonia is heterogeneous and complex, caused by a broad spectrum of microbes, including bacteria, fungi, 
mycoplasma, chlamydia, and viruses.8 Conventional microbiological tests (CMT) are widely used for pathogen identi-
fication, which comprises culture-based methods and molecular detection procedures, for example polymerase chain 
reaction (PCR) and enzyme immunoassay.9 However, despite the extensive diagnostic workup, the etiology of 19% to 
62% of pneumonia patients remains undiagnosed.10–12 Culture-based methods have disadvantages like being time- 
consuming, difficulty in culturing certain bacteria, and low sensitivity.13

Metagenomic next-generation sequencing (mNGS) is an unbiased technique of parallel sequencing that enables the 
simultaneous identification of all potentially infectious agents in samples, such as viruses, bacteria, fungi, and parasites, 
without presupposing a target.14,15 It is also used in the acquisition of novel microbial genome sequences. Increasing 
studies have proven mNGS have some advantages over CMT in pathogen detection in patients with LRIs.16–18 However, 
some problems of mNGS need to be solved, for example colonization differentiation from infection, contaminants of 
extraneous nucleic acid, method standardization, interpretation of results, detection efficiency of different sample types.

The purpose of this study was to assess and compare the clinical efficacy of pathogen detection between CMT and 
mNGS in a cohort of 180 pneumonia patients admitted to the Department of Respiratory and Critical Care Medicine. The 
microorganism distribution by mNGS detection in sputum of patients with pneumonia according to disease severity and 
immune status was analyzed. We also investigated the concordance between microorganisms detected by mNGS and 
pathogens confirmed by clinicians.

Materials and Methods
Patients and Sample Collection
A total of 180 patients diagnosed with pneumonia admitted to Department of Respiratory and Critical Care Medicine in 
Shandong Provincial Hospital Heze Branch (Shandong, China) were retrospectively included, from January 2021 to 
February 2022. The participants were eligible if they met the following inclusion criteria: (1) participants with clinically 
confirmed pneumonia diagnosis; (2) nucleic acid extracted from respiratory samples and constructed library satisfied 
quality control of mNGS; (3) patients receiving both CMT and mNGS for pathogen detection. The following criteria 
were used to exclude participants: (1) lack of patients’ clinical data; (2) patients who did not provide informed consent. 
All procedures were performed and approved according to the ethical standards of the Clinical Research Ethics 
Committee of Shandong Provincial Hospital Heze Branch (2022-KY011).

Sputum was collected from all 180 patients with pneumonia, which was used for pathogen identification by both 
CMT and mNGS. The samples for pathogen detection were mostly collected before medication or when patient’s 
condition was without improvement after empirical treatment. For some patients, multiple samples were collected for 
CMT, including plasma, bronchoalveolar lavage fluid (BALF), urine, peritoneal fluid, bile, and cerebrospinal fluid. The 
CMT mainly included microbiological culture, laboratory microscopy with staining, PCR and serologic immunoassay,9 

Supplementary Figure 1 showed the positive rate of detected microorganisms by CMT using different sample types.

Clinical Information Collection
We retrospectively collected each patient’s clinical data via hospital electronic medical record system. CAP was defined 
as patient with pneumonia-related clinical manifestations whose infection was acquired outside of the hospital setting. 
HAP was defined as an episode of pneumonia after at least 48 hours of hospitalization, which was not in the incubation 
period of community acquired infection. Severe pneumonia patients were diagnosed referencing the Infectious Diseases 
Society of America/American Thoracic Society criteria: met either one major criterion or at least three minor criteria.19 

Major criteria: (1) septic shock with need for vasopressors; (2) respiratory failure requiring mechanical ventilation (due 
to pulmonary infection alone). Minor criteria: (1) respiratory rate ≥ 30 breaths/min; (2) PaO2/FiO2 ratio ≤ 250; (3) 
multilobar infiltrates; (4) confusion/disorientation; (5) uremia (blood urea nitrogen level ≥ 20 mg/dl); (6) leukopenia 
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(white blood cell count < 4000 cells/μL, due to infection alone); (7) thrombocytopenia (platelet count < 100,000/μL); (8) 
hypothermia (core temperature < 36°C); (9) hypotension requiring aggressive fluid resuscitation. We defined patients with 
immunocompromised status according to the criteria established in a previous study.20 Patients were defined as 
immunocompromised when they had one or more of the following risk factors: (1) blood cancer; (2) solid tumor with 
either neutropenia or chemotherapy; (3) neutropenia; (4) chronic use of steroid or biologic drug for autoimmune diseases; 
(5) immunosuppressive therapy due to hematologic cancer or solid organ transplantation; (6) any immunocompromised 
state including congenital/genetic immunocompromise and asplenia. From 180 patients, 177 cases were administered 
empirical antibiotic treatment before sampling. Subsequently, treatment plans were modified according to the results of 
mNGS and CMT as well as imaging, clinical signs, and other indicators.

DNA Extraction
Sputum samples ranging from 1 to 3 mL were taken and conveyed in drilled dry sterile tubes for cryopreservation. 
Before extracting the nucleic acids, the sputum was rendered inactive in a 56°C water bath for 30 minutes. At room 
temperature, 0.1% DTT was used to liquefy sputum samples for 30 minutes. According to the instructions, DNA was 
extracted by a HostZEROTM Microbial DNA Kit (D4310, ZYMO RESEARCH).

Metagenomic Next-Generation Sequencing
The library was constructed using the commercial library preparation kit for the Illumina sequencing equipment. KAPA 
HyperPlus Kit was used to build the library in accordance with its instructions. The library’s fragment length was 
measured using Agilent 2100 Bioanalyzer, and the library’s concentration was managed by a Qubit™ dsDNA HS Assay 
Kit. It was sequenced using the NextSeq CN500 platform (Illumina). For each test, internal, positive, and negative 
controls were set. The use of no-template water as a negative control made it possible to identify contamination from the 
environment, reagents, and other samples. Real clinical samples that were confirmed to have well-known pathogens 
served as the positive control. It may be a sign that there were problems with the workflow of the laboratory experiment 
or bioinformatics process if the targeted pathogens were not found in positive controls.

Bioinformatics Analysis
To obtain high-quality sequencing data, reads with low-quality and short length (less than 35 bp) were removed. 
Afterwards, human host sequences mapping to the human reference genome (hg19) were eliminated using Burrows- 
Wheeler alignment. After reads containing repetitive sequences were removed, the data that were left-over were 
categorized by alignment to four microbial genome databases in the meantime, comprising of bacteria, viruses, fungi, 
and parasites. The National Center for Biotechnology Information’s genomes page can be accessed at ftp:/ftp.ncbi.nlm. 
nih.gov/genomes/ to get the classification reference datasets.

Criteria for a Positive Pathogen of mNGS
The in-house background database was consulted to eliminate the suspected background microbial organisms. For the 
residual microorganisms, we developed a set of requirements for a positive mNGS result based on prior research.21

1. Bacteria (mycobacteria excluded): ≥50 reads mapped to pathogen species and with a reads number no less than 10 
times of any other microorganism,17 or supported by CMT results.15

2. Fungus/mycoplasma/chlamydia/virus: the reads mapped to pathogen species with a reads no less than five times of 
any other fungus,17 or supported by CMT results.22

3. Mycobacterium tuberculosis (MTB): no less than one particular sequence was mapped to the reference genome of 
genus or species level, owing to the difficulty of nucleic acid extraction and the low likelihood23 of environmental 
contamination.13

4. Nontuberculous Mycobacterium (NTM): a relative bacterial abundance ranking in the top 10 of bacterial list, in 
view of common environmental contamination.16
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Antibiotic Resistance Gene Analysis
63 samples were selected for antibiotic resistance gene (ARG) analysis, which detects microorganism with ≥10,000 reads 
mapped to pathogen species. The sequences annotated to pathogenic microorganisms were aligned to the established drug 
resistance gene database by blastn (v 2.5.0+), based on the CARD (the Comprehensive Antimicrobial Resistance 
Database). The ARGs were retained, whose sequences met the following criteria: similarity identity ≥90% and length 
≥70 bp. According to comparison of the starting position, the coverage of ARG was calculated. ARGs with coverage 
≥90% and reads count ≥100 indicated that the drug-resistant gene was positive.

Statistical Analysis
The SPSS 26.0 (IBM, Armonk, NY, USA) software and R project with RStudio (R 4.0.2, R Core Team) were 
employed for data analyses and graphics plotting. The continuous variables between two groups were compared 
using the non-parametric Mann Whitney U-test, if they did not comply with the normal distribution. The distribution 
difference of categorical variables was tested by chi-square test or Fisher’s exact test. P<0.05 was considered 
significant. The Cohen’s kappa statistic was used to measure the agreement level between results of two methods. 
The interpretation of different values for Cohen’s Kappa refer to the following indications: a kappa value of 1 
indicating perfect agreement, 0.81–0.99 indicating near perfect agreement, 0.61–0.80 indicating substantial agreement, 
0.41–0.60 indicating moderate agreement, 0.21–0.40 indicating fair agreement, 0.01–0.20 slight agreement, <0 
indicating less than chance agreement.

Results
Clinical Characteristics of Patients with Pneumonia
Clinical characteristics of 180 patients with pneumonia were shown in Table 1. There were 126 males and 54 
females with a mean age of 69.7 years old. According to disease severity, 142 cases were diagnosed as severe 
pneumonia. According to immune status, 68 cases were immunocompromised. A total of 57 patients were diagnosed 
with immunocompromised combined severe pneumonia. Patients with severe pneumonia had a significantly lower BMI 
(P=0.047), and higher ratio of using breathing machine (90.8% vs 78.9%, P=0.042) than non-severe patients. No 
significant difference was found in age, gender, drinking and smoking history, underlying disease between severe and 
non-severe pneumonia (P >0.05). A higher ratio of immunocompromised patients had smoking history (45.6% vs 29.5%, 
P=0.028) than immunocompetent patients.

Comparison of Overall Results Between CMT and mNGS
The positive rate of detected microorganism by mNGS was 85.0% (n=153), which was significantly higher than that of 
CTM results based on all samples (85.0% vs 62.2%, P=9.445e-07, Figure 1A) or only based on sputum (85.0% vs 
50.6%, P=2.704e-12, Figure 1B). Out of 180 cases, our findings indicated that both mNGS and CMT were positive in 
87 cases (48.33%) and negative in 23 cases (12.78%) (Figure 1C). For 66 patients’ results (36.67%), the CMT was 
negative, and mNGS was positive. Only 4 cases (2.22%) had positive CMT and negative mNGS results. For a total of 
87 cases with both positive mNGS and CMT, we examined the results’ consistency of mNGS and CMT (Figure 1D). 
12 cases showed complete microorganism overlap between the two methods, while 13 cases showed no overlap at all. 
The remaining 62 cases had partial overlap, meaning that at least one microorganism was detected by both mNGS and 
culture.

Comparison of Detected Microorganisms Between mNGS and CMT
Figure 2 showed the microorganism profile of sputum from 180 patients with pneumonia, according to mNGS and CMT 
methods. In total, 67 kinds of microorganisms were identified in 157 patients by mNGS or/and CMT method, including 
41 bacteria, 14 fungi, and 12 viruses. Table 2 showed the concordance between microorganisms detected by mNGS and 
pathogens confirmed by clinicians.
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Table 1 Clinical Characteristics of 180 Patients with Pneumonia According to Immunocompromised Status and Pneumonia Severity

Characteristics Total Non-Severe 
(n=38)

Severe 
(n=142)

P value Immunocompetent 
(n=112)

Immunocompromised 
(n=68)

P value

Age (years, mean ± SD) 69.67±13.27 67.58±15.96 70.23±12.46 0.258 70.55±13.98 68.22±11.97 0.170
BMI (kg/m2, mean ± SD) 24.15±3.35 24.75±3.53 23.99±3.30 0.047* 24.06±3.15 24.30±3.67 0.931

Gender 0.577 0.070

Male 126 28 (73.7%) 98 (69.0%) 73 (65.2%) 53 (77.9%)
Female 54 10 (26.3%) 44 (31.0%) 39 (34.8%) 15 (22.1%)

Smoking history 0.852 0.028*

No 116 24 (63.2%) 92 (64.8%) 79 (70.5%) 37 (54.4%)
Yes 64 14 (36.8%) 50 (35.2%) 33 (29.5%) 31 (45.6%)

Drinking history 0.625 0.062

No 138 28 (73.7%) 110 (77.5%) 91 (81.3%) 47 (69.1%)
Yes 42 10 (26.3%) 32 (22.5%) 21 (18.8%) 21 (30.9%)

Underlying disease
Hypertension 78 16 (42.1%) 62 (43.7%) 0.863 53 (47.3%) 25 (36.8%) 0.166
Diabetes mellitus 44 9 (23.7%) 35 (24.6%) 0.902 28 (25.0%) 16 (23.5%) 0.824

COPD 53 12 (31.6%) 41 (28.9%) 0.745 31 (27.7%) 22 (32.4%) 0.505

Chronic bronchitis 26 8 (21.1%) 18 (12.7%) 0.192 21 (18.8%) 5 (7.4%) 0.035*
Congestive heart failure 54 9 (23.7%) 45 (31.7%) 0.339 35 (31.3%) 19 (27.9%) 0.639

Coronary heart disease 53 11 (28.9%) 42 (29.6%) 0.940 35 (31.3%) 18 (26.5%) 0.495

Chronic kidney disease 12 0 (0.0%) 12 (8.5%) 0.073 4 (3.6%) 8 (11.8%) 0.060
Fever 113 22 (57.9%) 91 (64.1%) 0.483 74 (66.1%) 39 (57.4%) 0.241

Pneumonia type 1.000 0.538

CAP 169 36 (94.7%) 133 (93.7%) 104 (92.9%) 65 (95.6%)
HAP 11 2 (5.3%) 9 (6.3%) 8 (7.1%) 3 (4.4%)

Severity
APACHE II score 21.79±6.86 21.74±7.30 21.81±6.77 0.660 21.66±6.37 22.01±7.65 0.883
Breathing machine 159 30 (78.9%)# 129 (90.8%) 0.042* 100 (89.3%) 59 (86.8%) 0.609

Notes: *P<0.05, #These patients used breathing machine not due to pneumonia. 
Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; CAP, community-acquired pneumonia; HAP, hospital-acquired pneumonia.
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In Bacterium Level
The most common bacteria (Figure 2A) were Acinetobacter baumannii (A. baumannii, n=42), followed by Corynebacterium 
striatum (C. striatum, n=38), Klebsiella pneumoniae (K. pneumoniae, n=22), Pseudomonas aeruginosa (P. aeruginosa, n=22). 
Eleven bacteria were positive in both CMT and mNGS results. We performed Cohen’s kappa statistics on top 10 bacterium to 
examine the results’ concordance between mNGS and CMT (Supplementary Table 1). The results showed there were 
substantial agreements of A. baumannii (Kappa value=0.731, P=8.87e-23), K. pneumoniae (Kappa value=0.715, P=5.343e- 
22), P. aeruginosa (Kappa value=0.790, P=8.652e-27), Escherichia coli (Kappa value=0.659, P=5.149E-21).

mNGS had obvious advantage over CMT in detection efficacy of some bacterium such as C. striatum. C. striatum 
was detected in sputum of 37 patients by mNGS, but only 4 patients (10.8%, 4/37) were confirmed to have developed 
pneumonia caused by C. striatum combined with other pathogens. In addition, 26 bacteria were detected only by mNGS, 
such as Streptococcus pneumoniae (S. pneumoniae, n=17), Haemophilus influenzae (n=5), Tropheryma whipplei 
(T. whipplei, n=4), Haemophilus parainfluenzae (n=3) and so on (Figure 2A). S. pneumoniae was confirmed as pathogen 
causing pneumonia in 47.1% (8/17) infected patients (Table 2). However, Haemophilus influenzae, T. whipplei, 
Haemophilus parainfluenzae detected by mNGS were all not confirmed as pathogen of pneumonia.

In Fungi Level
Sputum of 44 patients tested positive of Candida albicans (C. albicans) as the most frequent fungi, and only mNGS was able to 
detect 36 of them (Figure 2B). From 43 patients with positive C. albicans of mNGS, pathogen of 15 cases (34.9%, 15/43) was 
confirmed as C. albicans (Table 2). Nine fungi were identified only by mNGS including Pneumocystis jirovecii (P. jirovecii, 
n=9), Aspergillus flavus (n=7), Candida parapsilosis (n=4), Candida glabrata (n=4), Aspergillus niger (n=1), Aspergillus 
terreus (n=1), Candida orthopsilosis (n=1), Malassezia restricta (n=1), Mucor racemosus (n=1). P. jirovecii is highly 
pathogenic for pneumonia, and the pathogens of 8 patients (88.9%, 8/9, Table 2) were confirmed as P. jirovecii. However, 

Figure 1 The positive rate comparison of detected microorganisms by mNGS and CMT in patients with pneumonia. (A) Comparison of positive rate between pairwise 
mNGS and CMT in 180 patients with pneumonia, considering results of all sample types. (B) Comparison of positive rate between pairwise mNGS and CMT in 180 patients 
with pneumonia, only considering CMT results of sputum samples. (C) Pie chart demonstrates the positive and negative distribution of mNGS and CMT results. mNGS+: 
positive only by mNGS; CMT+: positive only by CMT; double+: both positive by CMT and mNGS; double-: both negative by mNGS and CMT. (D) For the double positive 
subgroup (grey in pattern c), 87 patients were divided into match (12/87), partial match (62/87) and mismatch (13/87). Match: both positive by CMT and mNGS and 
pathogens completely overlapped; mismatch: conflicts between mNGS and CMT; partial match: both positive by CMT and mNGS and partial overlapping of microorganisms.
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many fungi detected by mNGS such as Candida glabrata, Candida parapsilosis, Aspergillus niger, Aspergillus terreus, 
Candida orthopsilosis, Malassezia restricta, Mucor racemosus, were not supported as pathogens of pneumonia by clinicians.

In Virus Level
The most common virus was Human herpesvirus (HHV), (Figure 2C) including HHV-1 (n=39), HHV-5 (n=21), HHV-4 
(n=15), HHV-7 (n=3), and HHV-6B (n=2). Except for Influenza B virus, 11 viruses were only detected by mNGS. It indicated 
mNGS had great advantage over CMT in virus detection. However, only 3 patients’ pulmonary infections were thought to be 
caused by HHV-1 (Table 2), other patients with positive viruses in sputum were not diagnosed with viral pneumonia.

Comparison of Detected Microorganisms Between Patients with Non-Severe and 
Severe Pneumonia
Figure 3 and Supplementary Table 2 displayed the microorganism positivity rates of non-severe and severe pneumonia 
groups between mNGS and CMT. The positive rate of mNGS was notably higher than that of CMT in both non-severe 

Figure 2 The overlap and comparison of positive microorganisms between mNGS and CMT in 180 patients with pneumonia. (A) Bacteria levels; (B) fungi level; and (C) 
virus level.
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Table 2 The Concordance Between Microorganisms Detected by mNGS and the Finally Definitive Pathogens Confirmed by the 
Clinician

Microorganisms Positive Cases 
Detected by 

mNGS

Pathogen Causing 
Pneumonia Confirmed by 

Clinicians

Concordance As Sole 
Pathogen

Mixed 
Infection

Bacteria
Corynebacterium striatum 37 4 10.8% 0 4

Acinetobacter baumannii 36 27 75.0% 14 13

Pseudomonas aeruginosa 21 16 79.2% 6 10
Klebsiella pneumoniae 19 13 68.4% 3 10

Streptococcus pneumoniae 17 8 47.1% 3 5
Enterococcus faecium 9 8 88.9% 2 6

Mycobacterium tuberculosis 8 5 62.5% 4 1

Staphylococcus aureus 7 3 42.9% 0 3
Haemophilus influenzae 5 2 40.0% 0 2

Staphylococcus epidermidis 5 2 40.0% 1 1

Tropheryma whipplei 4 0 0% 0 0
Escherichia coli 3 3 100% 2 1

Haemophilus parainfluenzae 3 0 0% 0 0

Streptococcus parasanguinis 3 2 66.7% 1 1
Corynebacterium propinquum 2 0 0% 0 0

Moraxella catarrhalis 2 1 50.0% 1 0

Mycoplasma pneumoniae 2 2 100% 1 1
Serratia marcescens 2 1 50% 1 0

Achromobacter xylosoxidans 1 1 100% 1 0

Chlamydia psittaci 1 1 100% 1 0
Corynebacterium accolens 1 0 0% 0 0

Corynebacterium jeikeium 1 0 0% 0 0

Corynebacterium urealyticum 1 1 100% 0 1
Elizabethkingia anophelis 1 0 0% 0 0

Elizabethkingia meningoseptica 1 0 0% 0 0

Enterobacter aerogenes 1 0 0% 0 0
Enterobacter cloacae 1 0 0% 0 0

Enterococcus faecalis 1 1 100% 0 1

Klebsiella aerogenes 1 0 0% 0 0
Mycoplasma orale 1 0 0% 0 0

Nocardia cyriacigeorgica 1 0 0% 0 0

Nocardia farcinica 1 0 0% 0 0
Staphylococcus haemolyticus 1 0 0% 0 0

Stenotrophomonas maltophilia 1 0 0% 0 0

Streptococcus australis 1 0 0% 0 0
Streptococcus salivarius 1 1 100% 1 0

Ureaplasma urealyticum 1 1 100% 0 1

Fungi
Candida albicans 43 15 34.9% 3 12

Pneumocystis jirovecii 9 8 88.9% 3 5
Aspergillus fumigatus 8 6 75.0% 2 4

Aspergillus flavus 7 2 28.6% 0 2

Candida glabrata 4 0 0% 0 0
Candida parapsilosis 4 0 0% 0 0

Aspergillus niger 1 0 0% 0 0

Aspergillus terreus 1 0 0% 0 0

(Continued)
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(84.2% vs 39.5%, P<0.05, Figure 3A) and severe patients (85.2% vs 53.5%, P<0.05, Figure 3A). No significant 
difference was found in positive rate (84.2% vs 85.2%, P=0.878) and mixed infection rate (60.5% vs 62.7%, 
P=0.808) among patients with non-severe and severe conditions, based on the results of mNGS (Figure 3B). Kappa 
test showed there was fair agreement between mNGS and CMT, both for patients with non-severe (kappa value=0.218, 
P=0.031, Table 3) and severe pneumonia (kappa value=0.215, P=0.001, Table 3). Figure 4 illustrated that the spectrum of 
identified microorganisms by mNGS varied between non-severe and severe pneumonia individuals. In total, 52 kinds of 
suspected pathogenic microorganisms were identified in the severe pneumonia patients using mNGS, including 31 kinds 
of bacterial, 11 kinds of fungi, and 10 kinds of viruses (Figure 4), while in non-severe pneumonia patients, including 18 
kinds of bacterial, 6 kinds of fungi, and 7 kinds of viruses (Figure 4).

Table 2 (Continued). 

Microorganisms Positive Cases 
Detected by 

mNGS

Pathogen Causing 
Pneumonia Confirmed by 

Clinicians

Concordance As Sole 
Pathogen

Mixed 
Infection

Candida orthopsilosis 1 0 0% 0 0

Candida tropicalis 1 1 100% 0 1

Malassezia restricta 1 0 0% 0 0
Mucor racemosus 1 0 0% 0 0

Virus
Human herpesvirus 1 39 3 7.7% 2 1

Human herpesvirus 5 21 0 0% 0 0

Human herpesvirus 4 15 0 0% 0 0
Torque teno virus 12 0 0% 0 0

Human herpesvirus 7 3 0 0% 0 0

Human herpesvirus 6B 2 0 0% 0 0
Influenza B virus 2 0 0% 0 0

Betapapillomavirus 1 1 0 0% 0 0

Hepatitis B virus 1 0 0% 0 0
Human adenovirus B 1 0 0% 0 0

Human coronavirus OC43 1 0 0% 0 0

Molluscum contagiosum virus 1 0 0% 0 0

Figure 3 The positive rate comparison of detected microorganisms by mNGS and CMT between non-severe and severe pneumonia patients. (A) Comparisons of positive 
rates for pairwise mNGS and CMT test in non-severe and severe pneumonia patients. (B) Comparison of positive rate and mixed infection (at least two) rate by mNGS 
between non-severe and severe patients.
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C. striatum was the most common bacterium of severe patients’ sputum (n=31, 21.8%), and A. baumannii was the 
most common bacterium of non-severe patients’ sputum (n=8, 21.1%). 19 bacteria were only found in severe patients by 
mNGS, including P. aeruginosa, Staphylococcus aureus, Staphylococcus haemolyticus, T. whipplei, Streptococcus 

Table 3 The Concordance of Results Between mNGS and CMT Was Analyzed Using 
Cohen’s Kappa Statistics in Patients with Non-Severe and Severe Pneumonia

Patients with Non-severe Pneumonia Patients with Severe Pneumonia

mNGS CMT Total mNGS CMT Total

+ - + -

+ 15 17 32 + 72 49 121

- 0 6 6 - 4 17 21
Total 15 23 38 Total 76 66 142

Kappa value=0.218, P=0.031 Kappa value=0.215, P=0.001

Figure 4 Comparison of microorganisms detected by mNGS between non-severe and severe pneumonia patients in bacteria (A), fungi (B) and virus (C) levels.
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parasanguinis, and so on. P. aeruginosa had high infection rate (n=21, 14.8%) and very high bacterial virulence, 
infection of which all led to severe pneumonia (Figure 4A, Supplementary Table 2). From non-severe patients, 6 bacteria 
were exclusively detected by mNGS. In fungi level, C. albicans was the most frequent microorganism in both non-severe 
(13.2%) and severe patients (26.8%) with pneumonia. 6 fungi were detected only in severe group including Candida 
parapsilosis, Aspergillus niger, Candida orthopsilosis, Candida tropicalis, Malassezia restricta, and Mucor racemosus 
(Figure 4B). Aspergillus terreus was only found in non-severe patients. In severe patients, the virus that was most 
commonly identified was HHV-1, and it had significantly higher existence probability in severe pneumonia (P=0.004, 
Supplementary Table 2, Figure 4C).

Comparison of Detected Microorganisms Between Immunocompetent and 
Immunocompromised Patients with Pneumonia
mNGS had an obviously higher positive rate of detected microorganisms compared with CMT in either immunocompro-
mised or immunocompetent patients (P<0.05, Figure 5A). The positive rate of mNGS was 80.9% and 87.5% in 
immunocompromised and immunocompetent patients respectively, with no significant difference (P=0.322). Surprisingly, 
immunocompetent patients had significantly higher possibility of being infected by mixed pathogens (P=0.013, Figure 5B). 
There were slight agreement and fair agreement between mNGS and CMT results in immunocompromised (Kappa 
value=0.178, P=0.036, Table 4) and immunocompetent patients (Kappa value=0.232, P=0.001, Table 4).

Figure 5 The positive rate comparison of detected microorganisms by mNGS and CMT in immunocompetent or immunocompromised patients with pneumonia. (A) 
Comparisons of positive rates for pairwise mNGS and CMT test in immunocompetent and immunocompromised patients with pneumonia. (B) Comparison of positivity 
rate of mixed infection based on mNGS between immunocompetent and immunocompromised patients with pneumonia.

Table 4 The Concordance of Results Between mNGS and CMT Was Analyzed Using 
Cohen’s Kappa Statistics in Immunocompetent and Immunocompromised Patients with 
Pneumonia

Immunocompromised Patients with 
Pneumonia

Immunocompetent Patients with 
Pneumonia

mNGS CMT Total mNGS CMT Total

+ - + -

+ 26 29 55 + 61 37 98

- 2 11 13 - 2 12 14

Total 28 40 68 Total 63 49 112

Kappa value=0.178, P=0.036 Kappa value=0.232, P=0.001
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In immunocompetent patients with pneumonia, the most common microorganism in sputum was C. striatum (26.8%, 
Figure 6A), followed by C. albicans (25.0%, Figure 6B), A. baumannii (26.8%, Figure 6A), and HHV-1 (21.4%, 
Figure 6C). In immunocompromised pneumonia patients, the most common microorganisms were HHV-1 (22.1%, 
Figure 6C) and C. albicans (22.1%, Figure 6B), followed by A. baumannii (16.2%, Figure 6A) and C. striatum 
(10.3%, Figure 6A). Our findings showed the rate of P. jirovecii infection was significantly higher in immunocompro-
mised patients compared to immunocompetent patients (11.8% vs 0.9%, P=0.002, Supplementary Table 3).

The Concordance Between mNGS Results and Clinician Diagnosis
Among 180 cases, the pathogens of 127 pneumonia patients (127/180, 70.6%) were confirmed by clinicians combining 
the mNGS/CMT results and comprehensive clinical manifestation. The pathogens causing pneumonia were unproven in 
53 patients (53/180, 29.4%). The detected microorganisms by mNGS were finally proven by clinicians in 115 patients. 
For 59 patients, mNGS results were consistent with the initial diagnosis, and they continued to receive the original 
treatment regimens. For the other 56 patients, the results of mNGS gave new revelation about pathogens of pneumonia, 

Figure 6 Comparison of microorganisms detected by mNGS between immunocompetent and immunocompromised patients with pneumonia in bacteria (A), fungi (B) and 
virus (C) levels.
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and the patients’ treatment regimens were modified according to the mNGS results (Figure 7). In addition, the 
microorganisms detected by mNGS were not supported by clinicians in 12 cases.

Antibiotic Resistance Gene Profile
The ARG was identified from sputum of 50 patients with pneumonia, including 134 ARGs of 37 AMR gene families. 
Supplementary Table 4 showed the positive patient number of every ARG, and its AMR gene family, resistance mechanism, 
and corresponding antibiotic. ErmX gene was the most frequent ARG which was positive in 25 cases, followed by APH(3”)-Ib 
(n=22), APH(6)-Id (n=22), APH(3’)-Ia (n=18), AbaF (n=15), abeM (n=15), adeA (n=15) and so on. ErmX gene, belonging to 
Erm 23S ribosomal RNA methyltransferase, conferred multi-drug resistance to Macrolide-Lincosamide-Streptogramin B (MLS 
B), its resistance mechanism is antibiotic target alteration. Among 50 patients, a total of 59 multi-drug resistance (MDR) genes 
were detected from 33 patients, the most frequent AMR gene family of MDR genes was RND efflux pump which plays a drug 
resistance role through antibiotic efflux.

Discussion
Pneumonia is responsible for the highest number of deaths among infectious diseases in the ICU, having considerable 
implications for healthcare systems worldwide.10,24 However, identification of the pathogenic microorganism is challen-
ging because of various possible pathogens causing pneumonia, involving viral, bacterial or fungal pathogens.25 

Therefore, a good tool is necessary to improve the accurate diagnosis and decision-making process in patients with 
infectious pneumonia, so as to avoid the worse results caused by over-diagnosis or underdiagnosis. Currently, the CMT 
methods for pathogen detection include bacterial, fungal and virus culture, serological testing, enzyme-linked immuno-
sorbent assay (ELISA), and PCR. However, they are limited in their ability to identity pathogens with high sensitivity 
and specificity timely. And they need to make a prejudgment before test, it is hard to quickly identify rare or unknown 
microorganisms.26 High-throughput sequencing technology has made significant progress in the field of pathogen 
detection in recent years. In particular, mNGS has demonstrated notable advantages over CMT methods.

Bronchoalveolar lavage fluid (BALF) has been suggested as ideal sample by most researchers for pathogen detection 
by mNGS, which could provide a more accurate representation of the alveolar component and reduce the risk of 
contamination from the oropharyngeal flora.20,27,28 However, compared with BALF, sputum is the more accessible 
sample of patients with pulmonary infection for pathogen identification. An innovative advantage of this study 
was comparing the diagnostic efficacy of sputum mNGS with CMT in infectious pneumonia. In comparison to the 
CMT, sputum mNGS showed superior sensitivity in microorganism detection of pneumonia patients (85.0% vs 62.2%, 
P<0.05), which indicated that sputum mNGS detection can be a complementary method of CMT for pathogen detection 

Figure 7 The concordance between microorganisms detected by mNGS and the finally definitive pathogens confirmed by the clinicians. Dx-confirmed: the microorganisms 
detected by mNGS were finally confirmed as pathogens of pneumonia by clinicians; Dx-unsupported: the microorganisms detected by mNGS were not confirmed as 
pathogens of pneumonia by clinician. Dx-uncertain: the pathogen of pneumonia was unproven.
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in patients with pneumonia, especially those with negative CMT results. Previous studies have also verified it using small 
sample size.29,30

In the cohort of our study, A. baumannii was the most common bacteria causing infection (n=42), 36 of them were 
detected by mNGS. There was substantial agreement for A. baumannii detection between mNGS and CMT. A. baumannii 
is an opportunistic pathogen, that persists in nosocomial environment,31 which was mainly responsible for hospital- 
acquired nosocomial infections. In our study, although 169 cases (169/180) were diagnosed as CAP, majority of them 
received a period of hospitalized treatment in other departments such as Department of Respiratory Medicine, Emergency 
Ward, before ICU admission. From 36 patients in whom A. baumannii was detected by mNGS, 29 patients were 
identified as having mixed infections of A. baumannii combined with other suspected pathogens. This may be the 
primary reason why A. baumannii was the most commonly detected microorganism in our predominantly CAP cohort. 
Once considered benign, A. baumannii is currently viewed as an alarming threat to global healthcare as it has a high 
tendency to develop multidrug-resistance.17,32 In our study, among 36 patients with positive A. baumannii by mNGS, 
75% (n=27) of them were finally confirmed by clinicians. The 9 unsupported patients with positive A. baumannii by 
mNGS had relatively low abundance of reads mapped to species. A previous study demonstrated that A. baumannii may 
colonize the sputum of patients with infectious diseases causing false-positive results.16 We suggest clinical interpretation 
should comprehensively consider a relative bacterial abundance rank in bacteria list.

HHV-1 was the most common virus, and we observed a significantly higher detection rate of this virus in severe 
patients’ sputum as compared to non-severe patients (26.1% vs 5.3%, P=0.004). HHV-1, also called Herpes simplex virus 
type 1 (HSV-1), is a frequently occurring virus in the respiratory secretions of critically-ill patients, that can cause a range 
of clinical manifestations, including oral and genital herpes, encephalitis, and pneumonia. Previous studies reported that 
HSV-1 pneumonia is relatively rare, it can occur in individuals who have a weakened immune system or those with 
underlying lung disease.33 In this study, among 39 patients with positive HSV-1, 34 cases were identified as having mixed 
infections by mNGS, 5 patients with HSV-1 as sole microorganism. Only 3 patients were diagnosed with HSV-1 
pneumonia by clinician. Establishing a definite diagnosis of HSV-1 pneumonia can be challenging as radiological 
features, clinical criteria, and laboratory findings are not specific enough.34 Further research is necessary to accurately 
determine the pathogenicity of HSV-1 in the lower respiratory system of these individuals, enhance diagnostic methods, 
and evaluate the necessity of antiviral therapy for each patient.

The microorganism most frequently detected in severe patients or those who were immunocompromised was 
C. striatum. Immunocompromised patients had a considerably higher infection rate than immunocompetent patients 
(26.8% vs 10.3%, P=0.008). However, only 34.9% of infected patients’ pneumonia was thought to be caused by 
C. striatum. C. striatum frequently colonizes both the skin and mucous membranes. Although previously considered 
a contaminant when isolated from clinical specimens, it is now increasingly being recognized as a pathogen that causes 
infectious disease.35 Factors that increase the risk of C. striatum infection include the patient’s immune status, 
a prolonged stay in hospital, continuous exposure to antibiotics, and the use of invasive medical equipment.36 

Similarly, P. jirovecii was found to be more frequently associated with pneumonia in immunocompromised patients 
than in immunocompetent ones (11.8% vs 0.9%, P=0.002). P. jirovecii is an opportunistic fungal pathogen capable of 
being transmitted from asymptomatic carriers to immunocompromised individuals, potentially leading to the develop-
ment of pneumonia, such as those with HIV/AIDS, organ transplant recipients, and patients receiving immunosuppres-
sive therapy.37 CMT for detecting P. jirovecii involves staining and microscopy of respiratory specimens, but these 
methods have limited sensitivity and specificity. From Figure 2A, we can see mNGS has overwhelming advantages over 
CMT for detection of C. striatum and P. jirovecii (Figure 2A). And P. jirovecii infection was highly pathogenic (Table 2). 
These results suggest mNGS as a key tool for C. striatum and P. jirovecii of immunocompromised patients with negative 
CMT result.

Compared to BALF, sputum affected by open oral environment has complex microbiota. In Tianlai Lin’s study,21 

based on 83 BALF, 89 blood and 33 sputum samples of 205 CAP patients from ICU, the top 3 common bacteria detected 
by mNGS were Escherichia coli, Mycobacterium tuberculosis and K. pneumoniae, followed by C. striatum and 
A. baumannii. However, in our study, based on sputum of 180 pneumonia patients from ICU, the top 3 common bacteria 
detected by mNGS were C. striatum, A. baumannii and Pseudomonas aeruginosa, followed by K. pneumoniae and 
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S. pneumoniae. These results indicated that opportunistic and colonized microorganisms had higher positive rate in 
sputum than BALF. High sensitivity of mNGS for microorganism detection was two-sided for pathogen identification, 
especially in sputum samples. On the one hand, mNGS improved the pathogen detection rate of patients. On the other 
hand, mNGS discovered lots of opportunistic and colonized microorganisms in sputum which challenged clinicians’ 
judgment.

Apart from pathogen identification, mNGS also has great potential in antibiotic resistance prediction. In our study, 
after strict filtering, 134 ARGs of 37 AMR gene families were detected from sputum samples from 50 ICU admission 
patients with pneumonia, and 33 patients had MDR genes. ErmX gene was the most frequent ARG which was positive in 
25 cases, which is a common ARG detected in C. striatum. The ErmX gene could be found in plasmid, chromosomes or 
transposon, encoding the rRNA methylase enzyme, which brings about MLSB resistance.38,39 The cmx gene encoding 
efflux protein is another ARG in C. striatum, which confers resistance to phenicol through antibiotic efflux. In 
A. baumannii, a group of ARGs were detected, such as adeH, adeL, adeG, adeF, adeI, adeJ, adeK, adeN, which are 
MDR genes. MDR strains of A. baumannii are attributed to the extensive use of wide-spectrum antimicrobial drugs in 
hospitals, cross infection between inpatients, and invasive ICU procedures.40

Our research also has some limitations. First, mNGS was performed only based on DNA-seq, which may have 
lost the information of RNA virus. In patients with negative CMT and DNA mNGS results, complementary mNGS based 
on RNA-seq may improve pathogen detection sensitivity. In addition, the participants included in this study included 
majority of CAP patients and few HAP patients, but we did not carry out analysis according to type of pneumonia 
because of small sample size of HAP patients.

Conclusion
In conclusion, this study accumulated evidence that sputum mNGS is complementary to CMT in detecting pathogens for 
patients diagnosed with pneumonia, especially in situations when the CMT yields negative results or when the patients’ 
condition worsens despite treatment. The microorganism profile of sputum mNGS differed according to disease severity 
and immune status. This study suggested mNGS as a potential tool for pathogen detection especially for immunocom-
promised patients. There are a lot of colonized, opportunistic pathogenic and contaminative microorganisms in sputum of 
pneumonia patients. The interpretation of mNGS results should comprehensively consider microorganism’s relative 
abundance, the type of microorganism and its virulence, host immune status and disease history, clinical symptoms. 
mNGS is also a powerful tool in antibiotic resistance prediction. All these factors can help to guide appropriate treatment 
decisions.
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