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Background: Klebsiella pneumoniae (K. pneumoniae) is one of the most common pathogens leading to pulmonary tuberculosis 
(PTB) co-infection, but the data of co-infections is scarce. This research aimed to study the clinical and microbiological characteristics 
of K. pneumoniae co-infections in pulmonary tuberculosis cases.
Methods: Clinical manifestations and examination results of PTB cases co-infected by K. pneumoniae were retrospectively collected from 
the medical record database of a tertiary teaching hospital in China between November 2019 and October 2021. The K. pneumoniae strains 
isolated from the patients were sent for whole-genome sequencing. Statistical analyses were conducted using Stata v.14.0.
Results: A total of 80 strains were collected from 76 PTB patients with K. pneumoniae co-infections (two strains were isolated from 
each of the four patients at different time points), including 37 primary and 39 retreated TB cases. Among these, 29 (36.3%) of the 
K. pneumoniae isolates were extended-spectrum β-lactamase (ESBL)-producing strains, and seven (8.8%) were determined as 
carbapenem-resistant Enterobacteriaceae (CRE) strains. We found that patients in the multidrug resistance (MDR)-group received 
more respiratory support than the non-MDR group (40.6% vs 18.2%, P= 0.031) and possessed higher elevated C-reactive protein 
(62.6% vs 41.8%, P=0.008) and lower haemoglobin (87.5% vs 47.7%, P=0.001). We found that 80.3% (61/76) patients had lung 
lesions and 57.8% (44/76) patients were immunocompromised within one month. The most common K. pneumoniae strain sequence 
type was ST23 (15%), followed by ST15 (12.5%) and ST273 (7.5%). Among the strains, 26.25% were classically hypervirulent K1/K2 
K. pneumoniae, and all carried salmochelin and rmpA.
Conclusion: This study demonstrated the important clinical features, phenotypic and genomic characteristics of isolated strains of 
PTB patients with K. pneumoniae co-infection. These data suggested a special attention for multidrug resistant K. pneumoniae 
infections with more obvious inflammatory responses which calls for more respiratory support and timely clinical management.
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Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis (M. tuberculosis), is a prominent issue in the field of global 
public health, particularly in lower-middle-income-countries. Nearly two-thirds of global TB cases come from eight 
countries, including China.There are 780,000 new TB cases in China every year.1

TB is characterized by increased risk of co-infection due to immune dysfunction. Destructive alterations of the 
parenchyma, bronchiectasis, cicatrisation, and scarring of the lungs influence normal pulmonary function.2 Additionally, 
there were several immunopathological factors that could decrease protective immunity during active TB.3 These reports 
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indicate that M. tuberculosis may increase patients’ risk of infection with other bacteria by directly destroying lung tissue 
and inhabiting immune response, leading to poor treatment outcome and high mortality.4

Klebsiella pneumoniae is an encapsulated gram-negative organism that can cause infections at multiple sites, including the 
lungs, urinary tract, bloodstream, and brain, as well as in wounds and at surgical sites.5 Klebsiella spp. are ubiquitous 
opportunistic pathogens residing in soil and water, with the ability to colonise onto medical devices and in health care 
settings.6 Infections caused by K. pneumonia are more likely to occur in people with pre-existing health conditions, which are 
common among paediatric wards and elderly and immunocompromised individuals within the healthcare environment.7,8 

K. pneumoniae was found to be the predominant species isolated among presumptive cases of TB.4,9–14 K. pneumoniae has 
emerged as a major pathogen of international concern owing to the increasing incidences of carbapenem-resistant strains. In 
China, 15.79% of examined K. pneumoniae strains were found to be extended-spectrum β-lactamase (ESBL) producers,15 and 
their resistance rates to imipenem and meropenem were 23.1% and 24.4%, respectively. Therefore, the treatment has become 
more complex, with increased side effects and the need for prolongation, causing increased morbidity and mortality.5,16

Although various studies have reported the severity of K. pneumoniae and M. tuberculosis co-infections, further 
generalisations of the clinical manifestations are much limited, and whether these K. pneumoniae came from community 
or nosocomial infection remains unclear. This lack of information could lead to delayed diagnosis and inadequate 
treatment, resulting in prolonged morbidity and increased associated mortality. Thus, we conducted this study to reveal 
the K. pneumoniae co-infections clinical features and bacteria sources. The aim of the study was to study the clinical 
manifestations of K. pneumoniae co-infections in PTB cases, especially the influences of differed microbiological 
characteristics, and figured out the potential sources of co-infected K. pneumoniae.

Materials and Methods
Study Design
A hospital-based, retrospective study was conducted among pulmonary TB (PTB) patients at Wuxi No. 5 People’s 
Hospital in East China region. The hospital is a TB-designated tertiary-level centre that provides TB prevention and 
treatment services to a population of over 7.5 million people. We enrolled all PTB patients with K. pneumoniae 
coinfection from the hospital from November 2019 to October 2021.

Patients and Data Collection
The inclusion criteria for this analysis were hospitalised patients with laboratory or clinically confirmed pulmonary TB. 
TB diagnosis was according to WHO guidelines: a bacteriologically confirmed TB case was defined as any presumptive 
TB patient with a positive culture, smear microscopy (acid-fast bacilli smear) or GeneXpert MTB/RIF. A clinically 
diagnosed TB case was defined as a presumptive TB patient diagnosed by a clinician or medical practitioner, usually 
based on abnormal chest radiograph, extrapulmonary cases, suggestive histology and clinical signs like chronic cough, 
fever, night sweats and weight loss, but not bacteriologically confirmed. Sputum acceptable for bacterial culture growing 
a potentially pathogenic (non-mycobacterial) bacterial organism was considered to harbour bacterial respiratory infection 
(as opposed to colonisation).

We collected both clinical and examinations to analyze the baseline information of these patients from medical 
records and laboratory system. We recorded the results of the AFB staining, mycobacterial culture, and Xpert MTB/RIF 
(Cepheid, Sunnyvale, CA, USA) assays on sputum specimens from the laboratory records. To identify co-infections, 
Gram stain and bacterial culture results on sputum specimens from the bacterial microbiology laboratory were recorded. 
Whether the isolated microorganisms were normal flora or not was determined by doctors. Additionally, we obtained the 
corresponding demographic information and clinical data (encompassing age, sex, hospitalisation days, prior surgery, 
prior immunosuppressant use, prior pulmonary TB, smoking history, respiratory symptoms, and laboratory examination) 
and antimicrobial treatment data from patients’ medical charts. The K. pneumoniae infection status was evaluated by 
clinical physicians using clinical manifestation (fever, respiratory symptoms including cough, expectoration, shortness of 
breath and etc.) and CT examinations.
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Isolates and Whole-Genome Sequencing
All fresh samples from suspected respiratory co-infections of pulmonary TB were sent for culturing. The colonies were 
stored in glycerol in −80 °C freezer. We included 80 K. pneumoniae strains from enrolled patients. Total bacterial DNA 
was extracted from a single colony of clinically obtained carbapenem-resistant K. pneumoniae using the TIANAmp 
Micro DNA kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. Qualified DNA libraries were 
sequenced using an Illumina NovaSeq 6000 Platform (Illumina, San Diego, CA, USA) with the pair-end 150-base pair 
strategy. SPAdes (v3.11.1) was used to perform de novo assembly of sequencing data with default parameters. We 
obtained data on the sequence type, antibiotic resistance gene, virulence gene, and K and O type from Kleborate.17 The 
K. pneumoniae strains were considered as MDR when the isolate was nonsusceptible to at least one agent in ≥ 3 
antimicrobial categories.

Phylogenetic Analysis
To further learn the genetic similarity among ST23 and ST15 strains, we constructed detailed phylogenetic trees. The 
K. pneumoniae strains NTUH-K2044 (GenBank NC_012731.1) and HS17-142 (reported before)18 were used as 
reference genomes for ST23 and ST15 K. pneumoniae, respectively. Bowtie2 (v.2.3.3.1) was used for read mapping, 
and candidate SNPs were identified using SAM tools (v.1.9). ST23 SNP analysis was constructed among 13 strains, 
while the ST15 phylogenetic tree was generated by five strains carrying KPC-2. Molecular Evolutionary Genetics 
Analysis (MEGA) X with maximum-likelihood estimation and the General Time Reversible (GTR) nucleotide substitu-
tion model were used to create all of the trees.

Statistical Analyses
Clinical characteristic data are presented as the mean ± SD when Shapiro–Wilk normality was satisfied, and as the median with 
interquartile range (IQR) when not. Continuous variables were compared using Wilcoxon’s rank-sum test, and categorical 
variables were compared using Pearson’s chi-squared test or Fisher’s exact test. A p-value less than 0.05 was considered 
statistically significant. Statistical analyses and figures were conducted using Stata v.14.0 and GraphPad Prism v.8.0.

Results
Baseline of Enrolled K. pneumoniae Co-Infections of TB Cases
862 patients were diagnosed with pulmonary TB, and 271 patients (31.4% overall) had TB and bacterial co-infection. 
Among them, K. pneumoniae and M. tuberculosis co-infections were confirmed in 76 patients. The characteristics of the 
76 patients are shown in Table 1. Among the patients, 62 (81.6%) were male, and the median age was 56.8 years. 37 

Table 1 Characteristics of Klebsiella pneumoniae Co-Infections in Pulmonary 
Tuberculosis (TB)

n=76

Gender
Male, n (%) 62(81.5)
Female, n (%) 14(18.5)

Age, Years, Mean ± SD 56.8±20.0

Primary TB, n (%) 37(48.7)
Retreated TB, n (%) 39(47.4)

Breathing support treatment, n (%) 21(27.6)

Smoking history, n (%) 28(36.8)
Sputum culture and smear positive, n (%) 14(18.4)

Sputum culture positive and smear negative, n (%) 14(18.4)
Sputum culture negative and smear positive, n (%) 9(11.9)

Sputum culture and smear negative, n (%) 39(51.3)

(Continued)
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(48.7%) were diagnosed with primary TB, and 51.3% (n = 39) with retreated TB. Moreover, 21 patients (27.6%) had 
received breathing support treatment during their hospitalisation. The number of patients with sputum smear or culture 
positive (bacteriologically positive) results was 37 (48.7%). The common comorbidities were hypertension (32.9%), 
diabetes (26.3%) and respiratory disease (48.7%). The most common predominant symptoms included cough or sputum 
(73.7%) followed by shortness of breath (25.0%).

A total of 80 K. pneumoniae strains were isolated from the 76 patients and identified as co-infections (two strains were 
isolated from each of the four patients at different time points). Of these, 32 K. pneumoniae strains isolated from patients (32/ 
76; 42.1%) were multidrug resistant (MDR). Among these 32 patients, 26 were infected by ESBL-producing strains, 4 were 
infected by carbapenem-resistant Enterobacteriaceae (CRE) strains, and 2 were infected by both ESBL-producing and CRE 
strains. We then divided these patients into MDR (n = 32) and non-MDR groups (n = 44) according to whether the isolated 
strains were MDR or not, and the differences in characteristics between the two groups were examined (Table 2). The patients 
in the MDR group were older (61.1 ± 20.0 years old vs 53.6 ± 19.5 years old; p = 0.027), and more likely to have retreated TB 
(68.8% vs 38.6%; p = 0.010). Patients who received respiratory support during hospitalisation accounted for a significantly 
larger proportion of the MDR group than the non-MDR group (40.6% vs 18.2%; p = 0.031). The MDR group also had a higher 
prevalence of lung disease other than TB (68.8% vs 38.6%; p = 0.012). In terms of laboratory examinations, the proportion of 
patients with low haemoglobin (87.5% vs 47.7%; p = 0.001) or elevated C-reactive protein levels (62.6% vs 31.8%; p = 0.008) 
was greater in the MDR group than in the non-MDR group.

Among the 76 patients, 22 (28.9%) also had co-infections of bacteria and fungi other than K. pneumoniae. The most 
common detected pathogens were Candida albicans (n = 8, 10.5%) and Pseudomonas aeruginosa (n = 8; 10.5%). Others 
included Enterobacter cloacae (n = 2; 2.6%), Acinetobacter baumannii (n = 2; 2.6%), Staphylococcus aureus (n = 2; 
2.6%), Escherichia coli (n = 1; 1.3%), Staphylococcus haemolyticus (n = 1; 1.3%), Candida glabrata (n = 1; 1.3%), 
Candida tropicalis (n = 1; 1.3%), and Stenotrophomonas maltophilia (n = 1; 1.3%), as well as two fungal cases 
(filamentous fungi; 2.6%).

Clinical Manifestation of Acquiring Co-Infections
Among these TB co-infection cases, 55.26% (42/76) patients acquired K. pneumoniae infection within 48 h of admission, 
while the remaining patients were infected 48 h after hospitalisation. The median infection occurrence time was 2 

Table 1 (Continued). 

n=76

Underlying conditions, n (%)
Hypertension 25(32.9)
Diabetes mellitus 20(26.3)

Lung disease other than TB 39(51.3)

Symptoms, n (%)
Shortness of breath 19(25.0)

Cough or sputum 56(73.7)

Fever 14(18.4)
Night sweat 1(1.3)

Weight loss 4(5.3)

Hemoptysis 10(13.2)
Laboratory Examination, n (%)

WBC >9.5×10^9/L 13(17.1)

NE% >75% 18(23.7)
Hb <130g/L 49(64.5)

PLT <125×10^9/L 10(13.2)

CRP >10mg/L 34(44.7)

Abbreviations: TB, tuberculosis; SD, standard deviation; WBC, white blood cell; NE, neutrophilic 
granulocyte; Hb, haemoglobin; PLT, platelet; CRP, C-reactive protein.
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d (IQR, 1–6 d) after admission. Since all strains were cultured from respiratory samples, we next determined whether 
these patients received respiratory support and analysed their lung examination data. We found that 16 patients adopted 
high flow oxygen therapy and 12 received invasive respiratory support including tracheal intubation and tracheostomy.

The important clinical features of K. pneumoniae co-infections in TB cases are summarised in Figure 1a and b. 
Among the 76 patients, 80.3% (61/76) had lung lesions, including 30.3% (23/76) with a pulmonary cavity, 22.4% (17/76) 
with bronchiectasis, 11.8% (9/76) with interstitial lung disease, and 27.6% (21/76) with chronic obstructive pulmonary 
disease.

In addition, we found that 57.8% (44/76) of the patients showed an immunocompromised condition within one 
month, including 22.4% (17/76) that received corticoid therapy (daily prednisone ≥ 20 mg, more than 2 weeks of use), 
18.4% (14/76) that received immunosuppressive therapies other than corticoids, 6.6% (5/76) that received cytotoxic 
chemotherapy, and 10.5% (8/76) that had other immune deficiency conditions validated by the principal investigator.

Genomic Characteristics of K. pneumoniae Strains
Traditional antimicrobial susceptibility tests showed that all 80 K. pneumoniae isolates were susceptible to polymyxin 
and resistant to amoxicillin. The susceptibility of isolates was 50.0% to the ampicillin/sulbactam and 85.0% to 
piperacillin/tazobactam. The proportion of isolates susceptible to cephalosporins ranged from 47.8% to 86.3% (47.8% 
to cefazolin, 62.5% to ceftriaxone, 70.0% to cefepime, 76.3% to ceftazidime, and 86.3% to cefotetan). The suscept-
ibilities of isolates to aztreonam, levofloxacin, sulfamethoxazole/trimethoprim, and nitrofurantoin were 68.8%, 62.5%, 
66.3%, and 21.4%, respectively. The susceptibilities to tobramycin, gentamycin, and amikacin were 63.8%, 77.5%, and 
95.0%, separately. The resistance rate against imipenem was 8.8% (7/80) (Figure 1c). To sum up, 29 (36.3%) of the 80 
K. pneumoniae isolates were ESBL-producing strains, and seven (8.8%) were determined as CRE strains.

Table 2 Epidemiologic and Clinical Characteristics of Tuberculosis (TB) Patients with Klebsiella 
pneumoniae Co-Infection Stratified by Extended-Spectrum β-Lactamase (ESBL) Positivity

Characteristics MDR Group,  
n=32

Non-MDR Group,  
n=44

P value

Gender Male, n (%) 26(81.3) 36(81.8) 0.950

Age Years, Mean ± SD 61.1±20.0 53.6±19.5 0.027
Prior immunosuppressant use, n (%) 21(65.6) 23(52.3) 0.124

Retreated TB, n (%) 22(68.8) 17(38.6) 0.007

Respiratory support during treatment, n (%) 13(40.6) 8(18.2) 0.031
Smoking history, n (%) 7(21.9) 21(47.7) 0.021

Underlying conditions, n (%)
Hypertension 15(46.9) 10(22.7) 0.027

Diabetes mellitus 9(28.1) 11(25.0) 0.760

Lung disease other than TB 22(68.8) 17(38.6) 0.012
Symptoms, n (%)

Shortness of breath 8(25.0) 11(25.0) >0.999

Cough or sputum 25(78.1) 31(70.5) 0.453
Fever 8(25.0) 6(13.6) 0.207

Night sweat 1(3.1) 0(0) 0.421

Weight loss 3(9.4) 1(2.3) 0.171
Hemoptysis 3(9.4) 7(15.9) 0.405

Laboratory Examination, n (%)
WBC >9.5×10^9/L 8(25.0) 5(11.4) 0.119
NE% >75% 11(34.4) 7(15.9) 0.062

Hb <130g/L 28(87.5) 21(47.7) 0.001

PLT <125×10^9/L 6(18.8) 4(9.1) 0.219
CRP >10mg/L 20(62.6) 14(31.8) 0.008
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Among the 80 K. pneumoniae isolates, 43 kinds of sequence types were identified (Figure 2a). ST23 accounted for the 
most (15.00%, 12/80), followed by ST15 (12.50%, 10/80), and ST273 (7.50%, 6/80). We found a distinguished distribution of 
sequence types of K. pneumoniae isolates between primary (n = 39) and retreated TB (n = 41) cases. Primary TB cases had 
more ST23 strains than retreated ones (28.2% vs 2.43%; p = 0.001) (Figure 2b). ST1764 and ST86 only existed in the primary 
TB group, while ST25, ST273, and ST65 were detected in the retreated TB group (Figure 2b and c).

A similar phenomenon was observed in strains from bacteriologically positive (n = 38) and bacteriologically negative 
(n = 42) pulmonary TB patients as well. Among the seven sequence types (ST23, ST147, ST273, ST86, ST685, and 
ST392), there were more than two strains in each type in the bacteriologically positive group, while four sequence types 
(ST23, ST15, ST273, and ST412) were mostly found in bacteriologically negative TB cases (Figure 2d and e).

We next depicted the resistance gene and virulence gene profiles of K. pneumoniae and found a high proportion of classic 
hypervirulent strains. Seven strains were confirmed to have carbapenem-resistant genes, including six blaKPC-2 and one 
blaOXA-232. The proportion of aminoglycoside and fluoroquinolone resistance genes of CRE (n = 7) and ESBL (n = 29) strains 
all surpassed 80% (Figure 2f). More than half of the ESBL strains had resistance genes of sulphonamides, tetracyclines, and 
trimethoprim (81.5%, 51.9%, and 77.8%, respectively), while the proportion of CRE was 28.57%. A considerable proportion 
of strains (21/80, 26.25%) were confirmed as classic hypervirulent K1/K2 K. pneumoniae (n = 21), with 100.00% harboured 

Figure 1 Clinical features of K. pneumoniae co-infections and phenotypic antimicrobial tests in TB cases. (a) Lung lesions in TB and K. pneumoniae co-infections cases. (b) 
Immune condition in TB and K. pneumoniae co-infections cases. (c) Phenotypic antimicrobial tests of enrolled strains.
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salmochelin and rmpA (Figure 2g). The existence of yersiniabactin, aerobactin, colibactin, and rmpA2 in K1/K2 strains were 
76.19%, 85.17%, 61.90%, and 66.67%, separately. Yersiniabactin was found at higher levels in CRE strains compared to K1/ 
K2 strains, while the other virulence-related genes were rare in CRE (Figure 2g).

Four patients (Pt 1–4) contributed more than one K. pneumoniae strain. Pt 1 had two different sequence type strains, 
ST273 and ST147, with a 20-day detection interval. Pt 2 had two ST685 strains with different β-lactams: LEN-24 and 
AmpH (C07), AmpH and SHV-187 (C08). Pt 3 had two ST23 strains with the same resistance and virulence genes while 
their phenotypic antimicrobial tests for ampicillin/sulbactam and imipenem were different (C46 and C47). Pt 4 had two 
ST15 strains: one had the resistance gene MphA for macrolides (C61) whereas the other did not (C62).

K. pneumoniae Transmission Event Identification
Since ST23 and ST15 occupied the most cases among the strains, we constructed phylogenetic trees to determine their 
genetic relationships. A total of 2367 SNPs were identified among the 13 strains, with pairwise SNP distances ranging 
from 16–382 SNPs. The strains C46 and C47 had a 16-SNP distance and were both cultured from Pt 1 (Figure 3a).

One transmission event was identified in the ST15 group (Figure 3b). Only 34 SNPs were found in these five ST15- 
KPC-2 strains with similar resistance and virulence gene profiles. C52 and C54 were considered as a possible transmis-
sion event without a direct epidemiological link.

Total=80
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Figure 2 Sequence type distribution and resistance and virulence profiles. (a) Sequence type distribution in all strains. (b) Sequence type distribution in primary TB cases. 
(c) Sequence type distribution in retreated TB cases. (d) Sequence type distribution in bacteriologically positive TB cases. (e) Sequence type distribution in bacteriologically 
negative TB cases. (f) Resistance gene profile in CRE, ESBL and other strains. Agly: (aminoglycosides), Flq (fluoroquinolones), MLS (macrolides), Sul (sulphonamides), Tet 
(tetracyclines), Tmt (trimethoprim), Bla_ESBL (extended-spectrum β-lactamases), and Bla_Carb (carbapenemase). (g) Virulence gene profile in K1/K2, CRE, and other 
strains.
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Discussion
In this retrospective study, we analyzed the clinical and microbiological characteristics of K. pneumoniae co-infections in 
pulmonary tuberculosis. We found that patients in MDR-group received more respiratory support than the non-MDR 
group and possessed higher elevated C-reactive protein and lower hemoglobin. Among the K. pneumoniae strains, 
26.25% were classically hypervirulent K1/K2 K. pneumoniae, and all carried salmochelin and rmpA. One nosocomial 
transmission event was identified in the ST15 group.

We here identified several characteristics among these K. pneumoniae co-infections. The patients in MDR-group 
received more respiratory support than the non-MDR group and exhibited more obvious inflammatory response. Previous 
studies have validated that carbapenem resistant K. pneumoniae infections could induce a higher mortality rate compared 
to carbapenem sensitive K. pneumoniae infections.19–21

Our data show that traditional pneumonia antibiotics, such as β-lactams and respiratory quinolones, are effective in 
the treatment of pulmonary tuberculosis complicated by pulmonary infection. Most patients had positive treatment 
outcomes after being treated with piperacillin/sulbactam, piperacillin/tazobactam, cefonicid, or moxifloxacin. Ishikawa 
et al have reported that pulmonary tuberculosis patients co-infected with other microorganisms have poorer treatment 
effects and higher mortality rates than TB-only patients; the mortality rates with and without microorganisms were 39.8% 
(51/128) and 10.2% (59/580), respectively.4 However, in our study, only three patients failed treatment, which is much 
lower than number reported in the study by Ishikawa et al. This may be related to our focus only on TB and 
K. pneumoniae. We further found that all three patients who failed treatment also had respiratory failure. Thus, 
respiratory failure may be a risk factor for poor treatment outcomes in TB and K. pneumoniae co-infection.

Previous studies have reported a 9%–28% proportion of K. pneumoniae co-infections in pulmonary tuberculosis.13,14 

It was noted that the proportion of primary and retreated TB cases in co-infection were similar, and more computed 
tomographic manifestations, including consolidation, patchy shadow, ground glass opacity and computed tomography 
reports suggestive of infection, existed in co-infection occurrence more than 48 h after admission, which may be 
correlated with microbiota dysbiosis and should be investigated in the future. It was notable that nearly half of the 
patients had other lung disease, including chronic obstructive pulmonary disease, bronchiectasis, and lung cancer. 

Figure 3 Phylogenetic tree of enrolled strains and clusters of ST23 and ST15 strains. (a) Phylogenetic tree of 13 ST23 strains. (b) Phylogenetic tree of five ST15-KPC-2 
strains with similar gene profiles.
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Previous studies have demonstrated that chronic lung disease is one of the risk factors of bacterial pneumonia.22,23 

Therefore, TB patients with chronic lung disease are more likely to develop K. pneumoniae co-infection. The most 
common clinical symptoms of co-infection in our patients were cough, sputum, and shortness of breath, which was 
similar to the clinical manifestations of TB and other bacterial co-infections.13,14

Combined with the co-infection occurrence time and genomic profile, most of the strains may have originated from 
community or host pulmonary microbiota. ST23, ST86, ST65, and ST25 are common sequence types of hypervirulent 
strains that mostly circulate within communities.24,25 Though approximately half of the patients developed co- 
infections after 48 h of admission, genetic analyses identified nosocomial infections, except for C52 and C54. 
Additionally, nosocomial K. pneumoniae strains in China were mostly caused by multidrug-resistant strains, including 
ST11 strains.26

Previous studies have reported microbiota dysbiosis in TB patients;27 treated patients showed a microbiota composition 
that was different to that of non-treated patients.28,29 K. pneumoniae accounted for 56.04% of the total bronchoalveolar lavage 
fluid microbiota in pulmonary TB patients.27 Though approximately half of the patients obtained co-infections after 48 h of 
admission, their strains were mostly unique, indicating that the sources may be host pulmonary microbiota. The introduction 
of M. tuberculosis and administration of anti-tuberculosis drugs might select specific strains as dominant strains to be 
detected.30,31 We observed within-host microevolution in Pt 4; C62 was cultured 3 days after C61 and was missing the 
MphA gene.

Whole-genome sequencing (WGS) can help track the transmission route of infection and identify index cases. Here, 
we found two cases without a confirmed epidemiologic link, which might be disregarded. WGS retrospectively identified 
transmission clusters, shedding light on the importance of infection control, and can be therefore adopted as 
a surveillance tool in the future.32–34

Our study had a few limitations. First, we only conducted analyses of K. pneumoniae co-infections in pulmonary TB 
without co-infections by other pathogens. We would perform the analyses of single TB and co-infections in the future large 
cohort studies. Though the sample size is relatively small, the limited studies on TB and K. pneumoniae co-infection make it 
important to depict the clinical manifestation and sources of theses co-infections. Further investigations involving larger 
sample sizes and more centers and comprising samples of pulmonary TB with co-infections by other pathogens are required to 
gain comprehensive insights into the occurrence and prevalence of pulmonary TB. Second, we combined sequence type and 
admission type to infer sources of K. pneumoniae, which should be validated using pulmonary samples in the future.

Conclusions
The study explored the clinical and microbiological characteristics of K. pneumoniae infection among pulmonary TB 
patients, indicating a relatively high proportion of K. pneumoniae co-infection among pulmonary TB patients. 
A considerable part of strains was multi-drug resistant, patients in MDR-group received more respiratory support than 
the non-MDR group and possessed higher elevated C-reactive protein and lower haemoglobin, suggesting a special 
attention for multidrug resistant K. pneumoniae infections with more obvious inflammatory responses which calls for 
more respiratory support and timely clinical management. ST23 accounted for the most sequence type of K. pneumoniae 
strains, and transmission events existed. Further studies are warranted to explore the mechanism and access to the 
treatment of K. pneumoniae co-infection among pulmonary TB patients.
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