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Abstract 

Background Tuberculosis (TB) continues to be a major global health burden, and co-infection with other pathogens 
further complicates the diagnosis and treatment of this infectious disease. The present retrospective study aimed 
to evaluate the clinical utility of nanopore sequencing in identifying co-infection caused by Mycobacterium 
tuberculosis (M.tb) and other pathogens.

Methods Patients with M.tb co-infection from December 2021 to March 2023 at the Jiangxi Provincial Chest Hospital 
were retrospectively studied. Data were collected including demographics, symptoms, imaging findings, pathogen 
diagnosis tests, and treatment history. Pathogen tests involved culture, AFB smear, Xpert MTB/RIF, and nanopore 
sequencing.

Results The enrolled patients included 20 M.tb cases and three nontuberculous mycobacteria (NTM) cases 
co-infected with other pathogens. Common clinical symptoms included cough (47.83%), expectoration 
(34.78%), and asthma (17.39%). Radiological examinations showed typical features of pulmonary tuberculosis, 
including nodules (73.91%), cord-like shadows (34.78%), cavities (34.78%), and destroyed lung manifestations 
(17.39%). Nanopore sequencing identified M.tb in a significant majority of the cases (86.96%), outperforming 
traditional culture tests (39.13%), acid-fast bacilli (AFB) tests (27.27%), and Xpert MTB/RIF (53.84%) tests. Notably, 
nanopore sequencing revealed that M.tb was frequently co-infected with Candida albicans, Klebsiella pneumoniae, 
and Mycobacterium abscessus. Three specific cases of co-infection with distinct diagnosis and treatment characteristics 
were presented in detail. They illustrated the complexity of TB co-infection management and the potential 
of nanopore sequencing for accurate diagnosis and informing the tailored therapeutic approaches.

Conclusion Nanopore sequencing-based metagenomics method can help clinicians to identify TB co-infection 
patterns and formulate a rational drug regimen in time.
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Introduction
Mixed pulmonary infections are common in clinical set-
tings, especially bacterial and fungal infections of the 
lower respiratory tract [1, 2]. Due to overlapping imaging 
features and lack of specificity in clinical manifestations, 
diagnosis of mixed pulmonary infection is challenging. 
Furthermore, prolonged empirical treatment with broad-
spectrum antibiotics has contributed to the rise of drug 
resistance in certain pathogens, and the prevalence of 
drug resistance will increase accordingly [2].

Tuberculosis (TB) is the leading cause of death from 
a single infectious agent, which was caused by Myco-
bacterium tuberculosis (M.tb). There were an estimated 
10.6 million people who fell ill with TB and 1.6 million 
deaths from TB in 2021 [3]. Co-infection of M.tb with 
other bacterial pathogens, such as Klebsiella and Pseu-
domonas, can worsen the severity of TB and increase the 
risk of complications [4]. Moreover, mixed infections of 
M.tb with aspergillosis and nontuberculous mycobacte-
ria (NTM) are increasingly reported in pulmonary infec-
tious disease [5, 6]. These co-infections may lead to more 
severe lung damage and prolonged treatment duration. 
M.tb co-infection presents unique diagnostic and thera-
peutic challenges that affect the accuracy of TB diagnosis 
and treatment outcomes. The epidemiology and optimal 
diagnostic approaches for co-infection are still being 
elucidated.

Nanopore sequencing is a promising method to per-
sonalize treatment by detecting etiologic agents and drug 
resistance-associated mutations in clinical applications 
[7]. This tool has enabled the detection of overall patho-
gens that may contribute to the disease burden, facilitat-
ing the identification of co-infections in TB patients [4]. 
There is limited available data reporting the co-infection 
of TB and other pathogens in regions of high TB preva-
lence, where TB treatment is frequently reliant on pre-
sumptive diagnosis [8, 9]. By examining a series of cases, 
the objective of this study is to assess the clinical signifi-
cance of nanopore sequencing in the identification of 
M.tb co-infection with other pathogens.

Material and methods
Study design and procedures
Patients infected with M.tb and other pathogens were 
enrolled from December 2021 to March 2023 at the 
Jiangxi Chest Hospital, China. Epidemiological and clini-
cal data was retrospectively analyzed to assess the clinical 
availability of nanopore sequencing for the identification 
of M.tb and other pathogens. Comprehensive clinical 
data were collected from the electronic medical records. 
Clinical data included patient demographics, symptoms 
of tuberculosis, radiographic features, underlying condi-
tions, smoking history, history of previous tuberculosis 

disease, and the clinical course of anti-TB drugs. To con-
firm the presence of pulmonary tuberculosis (PTB), all 
individuals with suspected clinical symptoms and abnor-
mal imaging findings were initially screened by acid-fast 
bacilli (AFB) smear analysis. Confirmation was obtained 
by mycobacterial culture, nanopore sequencing for etio-
logic microbes, or the Xpert MTB/RIF assay. Culture test 
and nanopore sequencing have been performed in all the 
samples. Suspicious chest radiographic findings included 
patchy opacities, possibly with or without cavities, mil-
iary shadows, or pleural effusions [10].

Mycobacterial culture and Xpert MTB/RIF testing 
were performed in the hospital microbiology laboratory. 
All samples for mycobacterial culture, identification, and 
drug susceptibility testing were performed using the BD 
BACTEC MGIT 960 Mycobacteria Culture System (Bec-
ton Dickinson, USA) as per the manufacturer’s instruc-
tions. The Xpert MTB/RIF assay procedure consisted 
of mixing either centrifuged BALF or a 1-mL sputum 
sample with 2-mL sample processing solution accord-
ing to the manufacturer’s instructions. After an incuba-
tion period of 15 min, 2.0 mL of the mixture was pipetted 
into the reaction cassette (Cepheid, USA). The cassette 
was then inserted into the test module to initiate the 
automated test. The system automatically interpreted 
the MTB test results within 2  h. The sequencing was 
processed on the nanopore sequencing device GridION 
(Oxford Nanopore Technologies) at Zhejiang ShengTing 
Biotech Co., Ltd. (Hangzhou, China) following standard 
operating procedures as previously described [11]. Myco-
bacterial species identification is performed by targeting 
the 16S rDNA and hsp65 gene regions. M.tb was consid-
ered as positive when at least one read was mapped to 
either the species or genus level.

Data analysis
Categorical data are presented as numbers and propor-
tions. Continuous data are presented as the median 
and interquartile range. IBM SPSS Statistics 24 soft-
ware was used for data analysis. Heatmap was plotted 
by https:// www. bioin forma tics. com. cn (last accessed on 
10 July 2023), an online platform for data analysis and 
visualization.

Results
The result of nanopore sequencing showed that 20 
MTB cases and 3 NTM cases were co-infected with 
other etiological organism: 11 (47.83%) were male, 
and 12 (52.17%) were female patients. The median 
age was 58  years (IQR 36, 65). Thirteen (47.83%) 
patients presented with cough, and 8 (34.78%) patients 
had expectoration. The laboratory data are listed as 
median values in Table  1. There were also six patients 

https://www.bioinformatics.com.cn
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with complicated tracheobronchial tuberculosis. 
Extrapulmonary underlying conditions included anemia 
(21.74%, 5/23), hypohepatia (13.04%, 3/23), diabetes 
(17.39%, 4/23), hypertension (4.35%, 1/23), infarct of 
the brain (4.35%, 1/23), and rheumatoid arthritis (4.35%, 
1/23). Iron deficiency anemia is associated with a higher 
incidence of TB [12]. All the patients had typical imaging 
features of pulmonary tuberculosis, except for two NTM 
cases. The prevalent radiological finding was the presence 
of nodules (73.91%, 17/23), followed by cord-like shadows 
(34.78%, 8/23), cavities (34.78%, 8/23), and destroyed lung 
with consolidation and increased density manifestations 
(17.39%, 4/23). Destroyed manifestations were found in 
patients who suffered secondary pulmonary tuberculosis. 
According to the results of nanopore sequencing, we 
speculated that the radiographic finding of these four 
destroyed lungs was related to the coexisting infection 
caused by Candida, Aspergillus, or Klebsiella.

We were able to identify M.tb by nanopore sequencing 
in 20 patients (86.96%, 20 out of 23), while culture tests 
yielded positive results in 9 samples (39.13%, 9 out of 23). 
The positive rate for acid-fast bacilli (AFB) was 27.27% (6 
out of 22), and for Xpert MTB/RIF, it was 53.84% (7 out 

of 13). Additionally, co-infection with Candida albicans, 
Klebsiella pneumoniae, and Mycobacterium abscessus 
was commonly observed alongside Mycobacterium 
tuberculosis (Fig. 1).

We presented three cases of PTB patients that peaked 
our interest. One of them was a 20-year-old woman (case 
1) with extensively drug-resistant tuberculosis (XDR-TB). 
The second patient has recurrent and multidrug-resistant 
tuberculosis (case 21). The third patient had a double 
negative culture and AFB staining but with symptoms 
worsening (case 23).

Case 1
A 21-year-old female presented with a 10-month his-
tory of cough and sputum production. She complained of 
coughing up a small amount of yellow, purulent sputum, 
which gradually worsened over time. She also developed 
hoarseness 4  months before admission. On January 19, 
2022, she was admitted to our hospital. A laryngoscopy 
performed at another hospital suggested laryngeal tuber-
culosis. Previously, she had been diagnosed with tubercu-
losis-associated erythema nodosum in January 2020 and 
had received anti-TB therapy with isoniazid, rifampicin, 
pyrazinamide, and ethambutol for 1  year. On admis-
sion, she was given symptomatic treatment with amoxi-
cillin and clavulanate potassium, as well as pasiniazid, 
rifampicin, pyrazinamide, ethambutol, and levofloxacin 
for anti-TB treatment.

On January 27, 2022, the results of nanopore sequenc-
ing indicated that the patient was infected with M.tb 
(28,333 reads). Variants in the rrs, rpoB, katG, gyrA, 
pncA, and rpsL genes suggested resistance to streptomy-
cin, rifampicin, isoniazid, and fluoroquinolones. These 
findings were consistent with the culture of M.tb and the 
drug susceptibility testing of the bronchoalveolar lavage 
fluid. The drug susceptibility testing performed on Feb-
ruary 07, 2022, confirmed resistance to streptomycin, 
isoniazid, rifampicin, and levofloxacin. As a result, the 
antituberculosis therapy regimen was adjusted to include 
bedaquiline, linezolid, cycloserine, protionamide, and 
ethambutol.

During the course of antituberculosis treatment, the 
patient experienced recurrent episodes of prolonged 
cough and expectoration, accompanied by yellow pus 
expectoration. Piperacillin and tazobactam were used 
empirically. Subsequent drug susceptibility testing 
revealed resistance to ethambutol and susceptibility to 
amikacin. Therefore, ethambutol was discontinued, and 
amikacin was added to the antituberculosis regimen. 
However, even after 3  months of treatment with 
bedaquiline, linezolid, cycloserine, and protionamide, the 
patient’s cough and sputum production did not improve. 
Chest CT showed multiple patchy infiltrates, nodules, 

Table 1 Patient characteristics

Abbreviations: ESR Erythrocyte sedimentation rate, CRP C-reactive protein, GM 
test Galactomannan test. BG test, beta-(1,3)-D-glucan test

Characteristics Data

Median age (IQR) 58 (35, 65)

Male, n (%) 11 (47.83%)

Symptoms
 Cough, n (%) 13 (56.52%)

 Asthma, n (%) 4 (17.39%)

 Fever, n (%) 3 (13.04%)

 Expectoration, n (%) 8 (34.78%)

 Hemoptysis, n (%) 3 (13.04%)

Laboratory tests
 ESR (mm/h), (IQR) 26.50 (11.75, 84.25)

 CRP (mg/dL), (IQR) 18.51 (1.03, 69.87)

 GM test (ODI), (IQR) 0.24 (0.15, 0.27)

 BG test (pg/mL), (IQR) 37.50 (3.63, 136.05)

Lesion location
 Lung, n (%) 17 (73.91%)

 Bronchus, n (%) 6 (26.09%)

Underlying conditions
 Severe pulmonary infection, n (%) 7 (30.43%)

 Anemia, n (%) 5 (21.74%)

 Malnutrition, n (%) 4 (17.39%)

 Hypohepatia, n (%) 3 (13.04%)

 Hepatitis B surface antigen carriers, n (%) 3 (13.04%)

 Type 2 diabetes, n (%) 4 (17.39%)
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segmental consolidations, and a miliary shadows in the 
left lower lobe. Diffuse miliary changes were observed in 
both lungs. Meanwhile, bronchoscopy showed left main 
bronchus mucosal hyperemia, lumen stenosis, left upper 
lobe and lower lobe openings narrowed, and mucosal 

erosion with little necrosis (Fig. 2). Nanopore sequencing 
of the bronchoalveolar lavage fluid indicated the presence 
of Mycobacterium abscessus (3 reads), Mycobacterium 
tuberculosis (2 reads), Klebsiella oxytoca (2195 reads), 
and Enterobacter cloacae (603 reads). To address this, 

Fig. 1 Heatmap of the test results by different methods. The diagnostic results of culture, AFB smear, Xpert MTB/RIF, and specimen type are shown 
as in the top of the heatmap. Species identified by nanopore sequencing directly from clinical samples are shown as in the bottom of the heatmap. 
Each column represents a sample from a patient with tuberculosis or NTM. Abbreviations: BALF, bronchoalveolar lavage fluid; HHV, human herpes 
virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ND, not done

Fig. 2 Chest CT images of case 1. Multiple patchy infiltrations, nodules, segmental solid shadows in the left upper lobe of the lung. Diffuse 
distribution of spots and chestnut grain shadows in both lungs (A). Left main bronchus mucosal hyperemia, lumen stenosis, left upper lobe 
and lower lobe openings narrow, mucosal erosion a little necrosis (B)
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imipenem and cilastatin were added for anti-infection 
treatment, and clarithromycin was included for anti-
NTM treatment. Bedaquiline, linezolid, cycloserine, 
protionamide, and clarithromycin were continued for 
anti-TB and anti-NTM treatment after the patient’s 
discharge. Currently, the patient does not experience any 
symptoms.

Case 21
A 26-year-old male, who had been treated for tuberculo-
sis for 9 months and had been found enlarged lung cavity 
for more than 1 day, was admitted to our hospital on Feb-
ruary 14, 2023. Initially, the patient presented with a per-
sistent cough and night sweats in May 2022, resulting in a 
diagnosis of infiltrative pulmonary tuberculosis and con-
current lung infection. Treatment with ampicillin sodium 
sulbactam for the infection and isoniazid, rifampicin, 
pyrazinamide, and ethambutol for tuberculosis led to the 
improvement of symptoms and subsequent discharge 
from the hospital. Nevertheless, shortly after leaving the 
hospital, the patient developed pruritus, skin rashes, nau-
sea, and vomiting, which was indication for readmission 
due to liver function impairment. The antituberculosis 
medication was stopped and started anti-allergic and 
hepatoprotective treatment. After improvement in liver 
function, the patient’s treatment plan underwent mul-
tiple changes due to adverse drug reactions, including a 
change in the antituberculosis drug regimen to levofloxa-
cin, isoniazid, ethambutol, and rifapentine.

Imaging revealed an enlargement of a lung cavity, 
pleural thickening, and pleural effusion on the right, 
and cord-like shadows in both lungs (Fig. 3) on February 
13, 2023, which prompted additional hospitalization 
for diagnosis and treatment. AFB smear tests yielded 
negative results on both day 2 and day 3 after admission, 
and common bacterial cultures were negative on day 4. 
However, the results of nanopore sequencing detected 
Mycobacterium tuberculosis (4263 reads), Klebsiella 
pneumoniae (3302 reads), and Pneumocystis yersoni 

(1 read) on day 2, along with resistance to β-lactams, 
fluoroquinolones, rifampicin, isoniazide, and ethambutol, 
identified by blaTEM, blaSHV, gyrA, rpoB, katG, 
and embB. On day 3 of hospitalization, Xpert MTB/
RIF results indicated resistance to rifampicin. Based 
on the molecular findings from nanopore sequencing 
and Xpert RIF/RIF, the antituberculosis treatment was 
changed from pasiniazid, rifapentine, levofloxacin, 
and ethambutol to bedaquiline, linezolid, cycloserine, 
clofazimine, and protionamide. Netilmicin was also 
administered for other bacterial infection. After 25 days 
of hospitalization, precise diagnosis and treatment led 
to the improvement of the patient’s symptoms, and no 
adverse drug reactions were observed.

Case 23
A 58-year-old male patient was diagnosed with 
tuberculosis about a year ago and presented with 
symptoms of cough and white sputum. He was initially 
treated with antituberculosis drugs for 2–3  months, 
which relieved the cough, and he stopped the treatment 
on his own. On January 25, 2023, the patient was 
admitted to another hospital for chest tightness, asthma, 
and hemoptysis. The detection results of Mycobacterium 
tuberculosis antibody and AFB test were positive after the 
hospitalization. Isoniazide, rifapentine, pyrazinamide, 
ethambutol, linezolid, and moxifloxacin were used as 
antituberculosis treatment. After his discharge, there 
were no further episodes of hemoptysis, and he was 
diagnosed with cavitary pulmonary tuberculosis, with 
positive sputum microscopy for tuberculosis retreatment, 
as well as chronic obstructive pulmonary disease.

On February 24, 2023, he was admitted to our hospital 
with a history of coughing and sputum production for 
1 year and chest tightness and asthma for over 2 months. 
Chest CT showed pulmonary tuberculosis with multiple 
cavity formation, multiple spots, nodules, and cord-
like shadows in both lungs (Fig.  4). Laboratory test 
abnormalities on the first day of admission included 

Fig. 3 Computed tomography scan of the chest in case 21. Cavitation, pleural thickening, and pleural effusion in the right lung (A). Nodules, spots, 
and cord shadows were observed in the right lower lobe and right upper lobe of the lung (A, B)
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WBC 16.9 ×  10^9/L, CRP 132  mg/L (reference range: 
0–10), ESR 45  mm/h (reference range: 0–15), and IL-6 
20.85 pg/mL (reference range: < 7 pg/mL). The results of 
the five indicators test for hepatitis B indicated that he 
was a hepatitis B surface antigen carrier. Sputum AFB 
was negative on the first day of admission. The common 
bacterial culture and cryptococcal polysaccharide antigen 
were negative, and M.tb was detected by Xpert MTB/
RIF without rifampicin resistance on the third day of 
admission. Five days after antituberculosis treatment, the 
inflammatory indicators were slightly elevated with CRP 
117.99  mg/L, IL-6 67.2  pg/mL, and WBC 18.6 ×  10^9/L. 
Based on the isoniazide, levofloxacin, pyrazinamide, 
and ethambutol antituberculosis treatment, piperacillin, 
tazobactam, imipenem, and etimicin were added to the 
anti-infection regimen.

However, 3  days after antituberculosis and anti-infec-
tion, the inflammatory indicators remained high with 
CRP 120.19  mg/L, ESR 80  mm/h, IL-6 102.0  pg/mL, 
WBC 15.5 ×  10^9/L, and BNP 497.7 ng/L. Bronchoscopy 
was performed on March 06, 2023, to further search for 
evidence of an epidemic factor. The cell morphology of 
bronchoalveolar lavage fluid was consistent with infec-
tion, and no malignant tumor cells were found. In addi-
tion, AFB staining was negative. Finally, Mycobacterium 
tuberculosis (22,194 reads), Aspergillus gracilis (45 reads), 
and Candida albicans (49 reads) were identified by BLAF 
using nanopore sequencing. Voriconazole was used for 
anti-fungal therapy and entecavir for anti-HBV therapy. 
Inflammatory indicators gradually decreased with CRP 
52.26 mg/L, ESR 69 mm/h, IL-6 32.2 pg/mL, and WBC 
12.0 ×  10^9/L. After 19  days admission, the patient was 
discharged with improved cough, reduced chest tight-
ness and asthma, and no other symptoms or adverse drug 
reactions.

Discussion
In this study, infection with more than one species 
of pathogen is described as a mixed infection or co-
infection. The differentiation of mixed infection plays 

an important role in the accurate diagnosis, appropri-
ate treatment, and control of TB [13], particularly when 
the patient’s diagnostic or treatment outcomes are not 
as expected. This series documented the availability of 
nanopore sequencing for differentiating the co-infection 
from a single infection. We report 20 cases of PTB and 
3 patients with NTM identified by nanopore sequencing. 
Moreover, these cases revealed the challenges in diagnos-
ing and treating tuberculosis, particularly in the context 
of drug resistance and co-infection.

Timely detection of mixed infection was available by 
nanopore sequencing, and these three cases were accu-
rately diagnosed and effectively treated. The patient 
of case 1 was repeatedly hospitalized and treated for 
recurrent symptoms and imaging evidence (CT and tra-
cheobronchoscopy) of pulmonary tuberculosis (PTB) 
complicated with extrapulmonary tuberculosis (EPTB). 
Early diagnosis and management of EPTB are challeng-
ing due to the low detection rate [14]. Additionally, our 
study results indicate that nanopore sequencing can be 
used to accurately characterize the microbe. The patient 
was concurrently infected with multiple microorgan-
isms, including Mycobacterium abscessus, Mycobacte-
rium tuberculosis, oxytoca, and Enterobacter cloacae. 
Besides resistance to multiple first-line and second-line 
anti-TB drugs, the patient exhibited antimicrobial resist-
ance to β-lactam antibiotics. Pneumonia caused by Kleb-
siella oxytoca has a similar presentation to PTB [15]. 
Physicians should be aware that pneumonia caused by 
Klebsiella may occur in patients with PTB, especially TB 
patients with chronic lung disease [16]. Empiric antibi-
otic treatment with β-lactams is not appropriate, because 
carbapenem-resistant Klebsiella oxytoca complexes 
are increasingly detected [17]. The delay in diagnosis of 
XDR-TB and mixed infection may have contributed to 
the deterioration of the patient’s condition and the need 
for multiple treatment adjustments.

Lung cavitation is a hallmark of tuberculosis and 
is associated with antibiotic resistance [18]. Previous 
study suggests that TB and bacterial co-infection may 

Fig. 4 Computed tomography scan of the thorax in case 23. There is a cavity in the right upper lobe (A), and multiple spots, nodules, and cords 
were observed in both lungs (A, B). Dilated bronchi were shown in some segments of the bronchus
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be more likely among patients with cavitary lesions on 
chest radiography. Klebsiella and Pseudomonas were 
the predominant causes of respiratory infections with 
and without TB co-infection [19]. The patient in case 
21 initially responded to treatment but later relapsed, 
demonstrating the persistence of TB even after apparent 
recovery. AFB smear and common bacterial culture were 
negative, but Mycobacterium tuberculosis (resistance 
gene mutations were detected in gyrA, rpoB, katG, 
and embB conferring resistance to fluoroquinolones, 
rifampicin, isoniazide, and ethambutol, respectively) and 
Klebsiella pneumoniae (resistance gene mutations were 
detected in blaTEM and blaSHV conferring resistance 
to β-lactam antibiotics) were identified by nanopore 
sequencing, 2 days after hospital admission. Xpert MTB/
RIF was also positive. M.tb was finally confirmed by 
mycobacterial culture and AFB smear tests 24 days after 
hospitalization. The discovery of nanopore sequencing 
prompted a critical shift in the patient’s treatment plan. 
A certain combination of drugs was tailored to combat 
the drug resistance identified. The patient’s symptoms 
improved after receiving an appropriate drug regimen. 
It is important to tailor treatment for drug-resistant 
TB according to the timely diagnosis of nanopore 
sequencing.

Previous studies have shown that pulmonary tuber-
culosis and chronic pulmonary aspergillosis (CPA) may 
coexist, making diagnosis difficult due to similar clinical 
and radiological features [20, 21]. Case 23 was a pulmo-
nary tuberculosis patient with CPA, who carried hepa-
titis B surface antigen. Culture and AFB smear results 
were negative. Mycobacterium tuberculosis, Aspergillus 
gracilis, and Candida albicans were identified by nano-
pore sequencing. For this patient, we speculated that the 
delayed diagnosis of co-infection may have contributed to 
the patient’s prolonged inflammatory response. Previous 
studies have also suggested that pulmonary fungal colo-
nization or infection in bacteriologically negative patients 
presenting with clinical symptoms has been associated 
with poor treatment outcomes in PTB patients [22]. The 
patient’s symptoms finally improved after confirmation 
of the pathogens by nanopore sequencing and a combi-
nation of anti-TB and antifungal therapies. TB and other 
bacterial or fungal mixed infections are very common 
in clinical experience. Missed diagnosis of the pathogen 
spectrum may lead to poorer outcomes [23]. A complex 
pathogen spectrum of infection requires comprehensive 
diagnosis and treatment measures.

Conclusion
In conclusion, these cases highlight the challenges 
of diagnosing and treating tuberculosis, especially in 
cases of drug resistance and co-infection. Nanopore 

sequencing is the effective tool to clinically detect mixed 
infections and guide treatment decisions. Tailoring 
treatment regimens to individual patient profiles is 
crucial for achieving successful outcomes in complex TB 
cases.

Acknowledgements
The authors are grateful to all the participants in this study for their 
cooperation.

Authors’ contributions
WS and WC contributed to the study conception and design. Material prepa-
ration, data collection, and analysis were performed by WS, LY, MS, ZW, WX, YL, 
and TW. The first draft of the manuscript was written by WS, and all authors 
commented on previous versions of the manuscript. All authors read and 
approved the final manuscript.

Funding
No funding was received for this study.

Availability of data and materials
The datasets are available from the corresponding author on reasonable 
request.

Declarations

Ethics approval and consent to participate
The study was performed in accordance with the principles stated in the 
Declaration of Helsinki and approved by Ethics Committee of the Jiangxi 
Provincial Chest Hospital. Written informed consent was obtained from all the 
participants before the study began.

Consent for publication
Written informed consent for publication of their details was obtained from 
the patients.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Internal Medicine Department, Jiangxi Chest Hospital, The Third Affiliated 
Hospital of Nanchang Medical College, Jiangxi, Nanchang, China. 2 Depart-
ment of Emergency, Jiangxi Provincial People’s Hospital, The First Affiliated 
Hospital of Nanchang Medical College, Jiangxi, Nanchang, China. 3 Depart-
ment of Cardiovascular Medicine, Fengxin County People’s Hospital, Jiangxi, 
Yichun, China. 4 Department of Infectious Diseases, Fengxin County People’s 
Hospital, Jiangxi, Yichun, China. 5 Department of Scientific Research, Zhejiang 
ShengTing Biotech Co., Ltd., Zhejiang, Hangzhou, China. 

Received: 5 December 2023   Accepted: 27 February 2024

References
 1. Xie G, Zhao B, Wang X et al (2021) Exploring the clinical utility of 

metagenomic next-generation sequencing in the diagnosis of 
pulmonary infection. Infect Dis Ther 10(3):1419–1435. https:// doi. org/ 10. 
1007/ s40121- 021- 00476-w

 2. Qin Z, Zou Y, Huang Z et al (2022) Metagenomic next-generation 
sequencing contributes to the diagnosis of mixed pulmonary infection: 
a case report. Ann Clin Microbiol Antimicrob 21(1):52. https:// doi. org/ 10. 
1186/ s12941- 022- 00545-z

 3. Bagcchi S (2023) WHO’s Global Tuberculosis Report 2022. Lancet Microbe 
4(1):e20. https:// doi. org/ 10. 1016/ s2666- 5247(22) 00359-7

 4. Attia EF, Pho Y, Nhem S et al (2019) Tuberculosis and other 
bacterial co-infection in Cambodia: a single center retrospective 

https://doi.org/10.1007/s40121-021-00476-w
https://doi.org/10.1007/s40121-021-00476-w
https://doi.org/10.1186/s12941-022-00545-z
https://doi.org/10.1186/s12941-022-00545-z
https://doi.org/10.1016/s2666-5247(22)00359-7


Page 8 of 8Shu et al. The Egyptian Journal of Bronchology           (2024) 18:19 

cross-sectional study. BMC Pulm Med 19(1):60. https:// doi. org/ 10. 1186/ 
s12890- 019- 0828-4

 5. Liang Q, Shang Y, Huo F et al (2020) Assessment of current diagnostic 
algorithm for detection of mixed infection with Mycobacterium 
tuberculosis and nontuberculous mycobacteria. J Infect Public Health 
13(12):1967–1971. https:// doi. org/ 10. 1016/j. jiph. 2020. 03. 017

 6. Rozaliyani A, Rosianawati H, Handayani D, et al. (2020) Chronic pulmonary 
aspergillosis in post tuberculosis patients in Indonesia and the role of 
LDBio Aspergillus ICT as part of the diagnosis scheme. J Fungi (Basel) 6(4). 
https:// doi. org/ 10. 3390/ jof60 40318

 7. Gómez-González PJ, Campino S, Phelan JE, and Clark TG (2022) 
Portable sequencing of Mycobacterium tuberculosis for clinical and 
epidemiological applications. Brief Bioinform 23(5). https:// doi. org/ 10. 
1093/ bib/ bbac2 56

 8. Iliyasu G, Mohammad AB, Yakasai AM, Dayyab FM, Oduh J, Habib AG 
(2018) Gram-negative bacilli are a major cause of secondary pneumonia 
in patients with pulmonary tuberculosis: evidence from a cross-sectional 
study in a tertiary hospital in Nigeria. Trans R Soc Trop Med Hyg 
112(5):252–254. https:// doi. org/ 10. 1093/ trstmh/ try044

 9. Moore DP, Klugman KP, Madhi SA (2010) Role of Streptococcus 
pneumoniae in hospitalization for acute community-acquired 
pneumonia associated with culture-confirmed Mycobacterium 
tuberculosis in children: a pneumococcal conjugate vaccine probe study. 
Pediatr Infect Dis J 29(12):1099–04. https:// doi. org/ 10. 1097/ inf. 0b013 
e3181 eaefff

 10 Burrill J, Williams CJ, Bain G, Conder G, Hine AL, Misra RR (2007) 
Tuberculosis: a radiologic review. RadioGraphics 27(5):1255–1273. https:// 
doi. org/ 10. 1148/ rg. 27506 5176

 11 Zhang H, Wang M, Han X et al (2022) The application of targeted 
nanopore sequencing for the identification of pathogens and resistance 
genes in lower respiratory tract infections. Front Microbiol 13:1065159. 
https:// doi. org/ 10. 3389/ fmicb. 2022. 10651 59

 12 Chu KA, Hsu CH, Lin MC, Chu YH, Hung YM, Wei JC (2019) Association 
of iron deficiency anemia with tuberculosis in Taiwan: a nationwide 
population-based study. PLoS One 14(8):e0221908. https:// doi. org/ 10. 
1371/ journ al. pone. 02219 08

 13 Tarashi S, Fateh A, Mirsaeidi M, Siadat SD, Vaziri F (2017) Mixed infections 
in tuberculosis: the missing part in a puzzle. Tuberculosis (Edinb) 
107:168–174. https:// doi. org/ 10. 1016/j. tube. 2017. 09. 004

 14. Niu T, He F, Yang J et al (2023) The epidemiological characteristics 
and infection risk factors for extrapulmonary tuberculosis in patients 
hospitalized with pulmonary tuberculosis infection in China from 2017 
to 2021. BMC Infectious Diseases 23(1):488. https:// doi. org/ 10. 1186/ 
s12879- 023- 08410-w

 15 Gera K, Roshan R, Varma-Basil M, Shah A (2015) Chronic pneumonia due 
to Klebsiella oxytoca mimicking pulmonary tuberculosis. Pneumonol 
Alergol Pol 83(5):383–6. https:// doi. org/ 10. 5603/ PiAP. 2015. 0061

 16 Liu J, Zhang Y, Cai J et al (2023) Clinical and microbiological characteristics 
of Klebsiella pneumoniae co-infections in pulmonary tuberculosis: a 
retrospective study. Infect Drug Resist 16:7175–7185. https:// doi. org/ 10. 
2147/ idr. S4215 87

 17. Wan W, Yang X, Yu H, et al. (2023) Genomic characterization of 
carbapenem-resistant Klebsiella oxytoca complex in China: a multi-center 
study. Frontiers in Microbiology 14. https:// doi. org/ 10. 3389/ fmicb. 2023. 
11537 81

 18 Ong CW, Elkington PT, Friedland JS (2014) Tuberculosis, pulmonary 
cavitation, and matrix metalloproteinases. Am J Respir Crit Care Med 
190(1):9–18. https:// doi. org/ 10. 1164/ rccm. 201311- 2106PP

 19 Attia EF, Pho Y, Nhem S et al (2019) Tuberculosis and other bacterial 
co-infection in Cambodia: a single center retrospective cross-sectional 
study. BMC Pulmonary Medicine 19(1):60. https:// doi. org/ 10. 1186/ 
s12890- 019- 0828-4

 20. Page ID, Byanyima R, Hosmane S, et al. (2019) Chronic pulmonary 
aspergillosis commonly complicates treated pulmonary tuberculosis with 
residual cavitation. Eur Respir J 53(3). https:// doi. org/ 10. 1183/ 13993 003. 
01184- 2018

 21. Mohamed A, Obanda BA, Njeri HK et al (2022) Serological evidence of 
chronic pulmonary Aspergillosis in tuberculosis patients in Kenya. BMC 
Infect Dis 22(1):798. https:// doi. org/ 10. 1186/ s12879- 022- 07782-9

 22 Shirai M, Hayakawa H, Uchiyama H, Chida K, Nakamura H (2001) Clinical 
significance of potential pathogenic microorganisms of sputum in 

patients with pulmonary tuberculosis. Respirology 6(4):311–5. https:// doi. 
org/ 10. 1046/j. 1440- 1843. 2001. 00349.x

 23 Shimazaki T, Taniguchi T, Saludar NRD et al (2018) Bacterial co-infection 
and early mortality among pulmonary tuberculosis patients in Manila, 
the Philippines. Int J Tuberc Lung Dis 22(1):65–72. https:// doi. org/ 10. 
5588/ ijtld. 17. 0389

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s12890-019-0828-4
https://doi.org/10.1186/s12890-019-0828-4
https://doi.org/10.1016/j.jiph.2020.03.017
https://doi.org/10.3390/jof6040318
https://doi.org/10.1093/bib/bbac256
https://doi.org/10.1093/bib/bbac256
https://doi.org/10.1093/trstmh/try044
https://doi.org/10.1097/inf.0b013e3181eaefff
https://doi.org/10.1097/inf.0b013e3181eaefff
https://doi.org/10.1148/rg.275065176
https://doi.org/10.1148/rg.275065176
https://doi.org/10.3389/fmicb.2022.1065159
https://doi.org/10.1371/journal.pone.0221908
https://doi.org/10.1371/journal.pone.0221908
https://doi.org/10.1016/j.tube.2017.09.004
https://doi.org/10.1186/s12879-023-08410-w
https://doi.org/10.1186/s12879-023-08410-w
https://doi.org/10.5603/PiAP.2015.0061
https://doi.org/10.2147/idr.S421587
https://doi.org/10.2147/idr.S421587
https://doi.org/10.3389/fmicb.2023.1153781
https://doi.org/10.3389/fmicb.2023.1153781
https://doi.org/10.1164/rccm.201311-2106PP
https://doi.org/10.1186/s12890-019-0828-4
https://doi.org/10.1186/s12890-019-0828-4
https://doi.org/10.1183/13993003.01184-2018
https://doi.org/10.1183/13993003.01184-2018
https://doi.org/10.1186/s12879-022-07782-9
https://doi.org/10.1046/j.1440-1843.2001.00349.x
https://doi.org/10.1046/j.1440-1843.2001.00349.x
https://doi.org/10.5588/ijtld.17.0389
https://doi.org/10.5588/ijtld.17.0389

	A case series of co-infection in Mycobacterium tuberculosis and other pathogens: insights from nanopore sequencing
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Study design and procedures
	Data analysis

	Results
	Case 1
	Case 21
	Case 23

	Discussion
	Conclusion
	Acknowledgements
	References


