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Abstract
Background

Acute respiratory infection (ARI) ranks as the leading cause of morbidity and mortality among children
worldwide. Targeted metagenomic next-generation sequencing (tNGS) allows unbiased and
comprehensive pathogen detection. This study aimed to investigate the epidemiological characteristics
of respiratory pathogen infections in Jiangsu Province, China, using the tNGS platform.

Methods

A total of 28 736 clinical specimens were collected from patients with respiratory tract infections across
13 regions of Jiangsu Province between January and December 2025 and subjected to tNGS detection.
All detected pathogens were classified into four categories: bacteria, viruses, atypical pathogens, and
other pathogens. Stratified analyses were performed according to age, geographical region, season, and
infection pattern (single infection versus mixed infection). The Chi-square test was applied for statistical
analysis, with a two-tailed P value < 0.05 considered statistically significant.

Results

At least one respiratory pathogen was detected in 28,736 of 28,736 included specimens (100%);
however, this reflects the high analytical sensitivity of tNGS and does not necessarily indicate clinically
significant infection in every case. Bacteria exhibited the highest detection rate of 72.4%, followed by
viruses (66.6%), atypical pathogens (6.3%), and other pathogens (3.2%). Mixed infections accounted for
68.7% of all cases, with the highest prevalence in children aged 1-4 years (73.5%) and the lowest in
those aged = 60 years (46.2%). The top five predominant pathogens were Haemophilus influenzae
(26.4%), Streptococcus pneumoniae (23.0%), Moraxella catarrhalis (21.1%), Staphylococcus aureus
(18.4%), and Acinetobacter baumannii (13.1%). Statistically significant differences were observed in
pathogen distribution across age (x2 = 412.7, P < 0.001), geographical region (x? = 189.3, P<0.001), and
season (X2 = 48.2, P<0.001). The most prevalent mixed infection combination was Haemophilus
influenzae combined with Streptococcus pneumoniae.

Conclusion

This large-scale tNGS study reveals a complex pathogen spectrum of acute respiratory infections in East
China, characterized by a high prevalence of mixed infections and significant disparities in age, regional,
and seasonal distributions. The findings provide epidemiological evidence for precise clinical diagnosis
and treatment as well as public health intervention strategies.
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1. Introduction

1.1 Background

Acute respiratory infections (ARIs) represent the leading global burden of infectious diseases,
responsible for approximately 4 million deaths annually, with children under 5 years of age being the
most vulnerable populationi{1¥. In China, acute respiratory infections consistently rank among the top
three causes of hospitalization in pediatric patients, imposing a substantial burden on both the
healthcare system and familiesl12—3X.

Conventional pathogen detection methods, including microbial culture, antigen detection, and
polymerase chain reaction (PCR), have inherent limitations. Microbial culture is time-consuming and
exhibits low sensitivity for fastidious bacteria; antigen detection only targets specific pathogens,
frequently leading to missed detection of unknown pathogens. Although PCR assays possess high
sensitivity, they require pre-designed target primers and are prone to selection biasll4—6l. These
technical deficiencies ultimately result in a considerable number of missed or delayed diagnoses of
respiratory tract infections.

1.2 Metagenomic Sequencing in Clinical Practice

Targeted next-generation sequencing (tNGS) combines ultra-multiplex PCR enrichment with high-
throughput sequencing, providing a practical compromise that improves detection sensitivity while
reducing assay costsli7—9K. tNGS enables the simultaneous identification of bacteria, viruses, fungi,
parasites and other pathogens directly from clinical specimens without microbial cultivation, conferring
unique advantages in the diagnosis of immunocompromised patients, critically ill children, and
outbreaks of unexplained infections. Accumulating large-sample tNGS data provide an important
complement to traditional surveillance approaches for population-level epidemiological research.

1.3 Study Objectives

Although the clinical application of targeted metagenomic next-generation sequencing (tNGS) has
become increasingly widespread, large-scale epidemiological data on respiratory pathogens in East
China remain scarce. The present study aimed to: (1) clarify the composition and detection rates of
respiratory pathogens across 13 regions of Jiangsu Province; (2) analyze the distribution patterns of
pathogens in terms of age, geographical region, and season; (3) evaluate the incidence and clinical
characteristics of co-infections based on 2025 tNGS data.

2. Materials and Methods
2.1 Study Design and Population

This study was designed as a retrospective, multicenter, cross-sectional analysis based on clinical
targeted metagenomic next-generation sequencing (tNGS) data. A total of 28 736 respiratory specimens
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from patients with acute respiratory infections, collected between January and December 2025, were
enrolled. Specimens were sourced from 13 regions across Jiangsu Province, including Suzhou, Nanjing,
Yangzhou, Lianyungang, Wuxi, Changzhou, Taizhou, Nantong, Xuzhou, Huai'an, Sugian, Yancheng, and
other collaborative medical centers. Inclusion criteria: patients aged 0—18 years with clinically diagnosed
acute respiratory infection. Exclusion criteria: unqualified specimens, repeated submissions, and
patients with severe chronic or immunocompromising conditions. All specimens were submitted for
clinical respiratory pathogen tNGS testing as part of routine diagnostic workup.

2.2 Specimen Collection and Processing

Respiratory specimens (including nasopharyngeal swabs ~ 85%, sputum ~ 10%, bronchoalveolar lavage
fluid/throat swabs ~ 5%) were collected according to standard clinical protocols and stored at -80
degrees C until processing. DNA and RNA were co-extracted using a commercial kit according to the
manufacturer's instructions. Library construction and sequencing were performed on an lllumina
platform with a minimum depth of 20 million reads per sample.

2.3 Pathogen Detection and Classification

Sequencing data were processed using a validated bioinformatics pipeline. Low-quality reads (Q < 30)
and human host reads were removed by alignment to the human reference genome (GRCh38).
Remaining reads were classified against a comprehensive respiratory pathogen reference database. A
pathogen was considered positive when normalized coverage = 0.1% and effective reads = 50.
Pathogens were classified into four categories: (1) Bacteria, (2) Virus, (3) Atypical Pathogen
(Mycoplasma, Chlamydia, Legionella), and (4) Others. Non-pathogenic detections (e.g., antibiotic
resistance genes, 'no pathogen detected' results) were excluded.

2.4 Data Extraction and Stratification

Patients were stratified into seven age groups: < 1 year, 1-4 years, 5-13 years, 14-17 years, 18-29
years, 30—59 years, and > = 60 years, reflecting infancy, early childhood, school age, adolescence, and
adulthood. Geographic region was assigned based on hospital location. Temporal stratification included
four seasons (Spring: March—May; Summer: June-August; Autumn: September—November; Winter:
December—February) and four quarters. Infection pattern was classified as 'single infection’ (one
pathogen category detected) or 'mixed infection’ (> = 2 pathogen categories detected in a single
specimen).

2.5 Statistical Analysis

Descriptive statistics summarized pathogen detection rates across strata. Detection rate was defined as
the number of specimens positive for a given pathogen divided by the total number of specimens (N =
28,736), expressed as a percentage. For mixed-infection analysis, co-infection pairs were counted when
both pathogens appeared in the same specimen. Statistical significance of differences across strata
was assessed using the chi-square (chi-squared) test of independence on contingency tables.
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Significance threshold was alpha = 0.05. Significance levels: * p<0.05, ** p< 0.01, *** p< 0.001. All
analyses were performed using Python 3.9+.

2.6 Ethical Considerations

This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of Guangzhou KingMed Diagnostics Center (Approval No.: 2026083; Date: May 3, 2026). The
study used retrospectively collected, de-identified clinical tNGS data; the requirement for additional
written informed consent specifically for this research analysis was waived by the IRB due to the
retrospective and anonymized nature of the data (Expedited Review). Participants under 16 years of age
constituted the majority of this study population (at least N = 24,379, 84.8% were aged < 14 years, with an
estimated 87-92% aged < 16 years). For these pediatric participants, informed consent for clinical
respiratory pathogen testing (including tNGS) had been obtained from their parents or legal guardians at
the time of specimen collection as part of routine diagnostic procedures, in accordance with institutional
policies and applicable national regulations. The standardized test requisition form included a dedicated
section for parental or legal guardian consent. We acknowledge that while consent forms were designed
to capture this information, retrospective review revealed that a proportion of forms had incomplete
entries in the consent section. This limitation reflects real-world challenges in the documentation of
routine clinical consent processes and is further addressed in the Limitations section.

3. Results
3.1 Overall Pathogen Detection

A total of 100% of the 28 736 specimens tested by tNGS yielded at least one respiratory pathogen. It
should be noted that tNGS detects microbial nucleic acids at high sensitivity, and these findings may
include colonizing organisms that are not necessarily the causative pathogens of the acute respiratory
iliness. In terms of pathogen composition, bacteria were the most prevalent, detected in 20 796 cases
(72.4%), followed by viruses in 19 150 cases (66.6%), atypical pathogens in 1 820 cases (6.3%), and
other pathogens in 906 cases (3.2%). The summed detection rates of all pathogen categories exceeded
100%, which was consistent with a high prevalence of mixed infections. Mixed infections accounted for
68.7% of all cases, with the highest prevalence in children aged 1-4 years (73.5%) and the lowest in
those aged = 60 years (46.2%).

Single infection accounted for 31.3% (8993/28736) of all cases, while mixed infections constituted
68.7% (19743/28736) (Fig. 1).

3.2 Top 20 Pathogens

The 20 most frequently detected pathogens are summarized in Table 1 and Fig. 2. Among the top five

pathogens, four were bacteria: Haemophilus influenzae (7,594; 26.4%, a major cause of pediatric

pneumonia), Streptococcus pneumoniae (6,615; 23.0%, the leading pathogen of community-acquired

pneumonia), Moraxella catarrhalis (6,072; 21.1%, common in young children), and Staphylococcus
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aureus (5,294; 18.4%, associated with severe infections). Acinetobacter baumannii ranked fifth overall
(3,751; 13.1%, linked to hospital-acquired infections). Among viruses, Rhinovirus A was the most
prevalent (3,188; 11.1%), followed by RSV-A (2,825; 9.8%), Rhinovirus C (2,296; 8.0%), and Human
Metapneumovirus (1,821; 6.3%). Atypical pathogens were less common, with Chlamydia pneumoniae
(915; 3.2%) being the most frequent.

Top 20 Respiratory Pathogens Detected by Metzzzlr?c:mic Sequencing in 28,736 Pediatric Specimens.
Rank  Pathogen Detections (n) Detection Rate (%) Category
1 Haemophilus influenzae 7,594 26.43 Bacteria
2 Streptococcus pneumoniae 6,615 23.02 Bacteria
3 Moraxella catarrhalis 6,072 21.13 Bacteria
4 Staphylococcus aureus 5,294 18.42 Bacteria
5 Acinetobacter baumannii 3,751 13.05 Bacteria
6 Rhinovirus A 3,188 11.09 Virus

7 Respiratory Syncytial Virus A 2,825 9.83 Virus

8 Rhinovirus C 2,296 7.99 Virus

9 Streptococcus anginosus group 2,059 7.17 Bacteria
10 Human Metapneumovirus 1,821 6.34 Virus

11 Cytomegalovirus (CMV) 1,708 5.94 Virus

12 Respiratory Syncytial Virus B 1,647 5.73 Virus

13 Klebsiella pneumoniae 1,282 4.46 Bacteria
14 Influenza A HTN1 (2009) 1,274 4.43 Virus

15 Streptococcus intermedius 1,230 4.28 Bacteria
16 Human Parainfluenza Virus 3 1,063 3.70 Virus

17 Herpes Simplex Virus 1 (HSV-1) 954 3.32 Virus

18 Chlamydia pneumoniae 915 3.18 Atypical
19 Epstein-Barr Virus (EBV) 881 3.07 Virus

20 Streptococcus pyogenes 872 3.03 Bacteria

Data are presented as n (%). Detection rate = number of detections / total specimens (N = 28,736) x
100%
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3.3 Age-Stratified Analysis

Significant age-related variations were observed (chi-squared test: p < 0.001). The 1-4 year age group
contributed the largest proportion (n = 12,098; 42.1%), followed by 5-13 years (n =8,121; 28.3%) and < 1
year (n =4,160; 14.5%). Patients aged 18—29 years were the smallest subgroup (n = 243; 0.8%), reflecting
the pediatric focus of clinical MNGS testing (Table 2, Fig. 3). RSV-A predominated in infants < 1 year (>
40%), while H. influenzae and S. pneumoniae dominated in children aged 1-4 years. Rhinovirus was
prevalent across ages 1-13 years, associated with wheezing and asthma exacerbations.

Table 2
Specimen Distribution by Age Group and Infection Pattern.

Age Group Specimens (n) Proportion (%) Infection Pattern

<1yr 4,160 14.5 Mixed: 3,012 (72.4%); Single: 1,148 (27.6%)
1-4yr 12,098 421 Mixed: 8,891 (73.5%); Single: 3,207 (26.5%)
5-13 yr 8,121 28.3 Mixed: 5,592 (68.9%); Single: 2,529 (31.1%)
14-17yr 394 1.4 Mixed: 247 (62.7%); Single: 147 (37.3%)
18-29yr 243 0.8 Mixed: 142 (58.4%); Single: 101 (41.6%)
30-59 yr 1,103 3.8 Mixed: 651 (59.0%); Single: 452 (41.0%)
>=60yr 2,617 9.1 Mixed: 1,208 (46.2%); Single: 1,409 (53.8%)

Mixed infection: >= 2 pathogen categories detected in a single specimen; Single infection: 1 pathogen
category detected. Chi-squared test: p < 0.001.

3.4 Seasonal Distribution

Specimen distribution across seasons: Spring (Q1: n=9,276; 32.3%), Summer (Q2: n = 6,996; 24.3%),
Autumn (Q3: n = 6,433; 22.4%), Winter (Q4: n =6,031; 21.0%). Seasonal variation was statistically
significant (chi-squared = 48.2, p < 0.001). Bacterial pathogens predominated across all seasons (72.3-
72.9%). Viral detection showed modest seasonal fluctuation: Rhinovirus peaked in spring (March—May)
and autumn (September—November), while RSV-A showed a winter-predominant pattern (November-
February), with the highest rate in December, consistent with its known epidemiology (Fig. 4).

3.5 Regional Distribution

Suzhou contributed the largest number of specimens (n = 8,133; 28.3%), followed by Nanjing (n = 4,174;
14.5%), Yangzhou (n = 3,578; 12.4%), and Lianyungang (n = 2,484; 8.6%). Significant regional
heterogeneity was observed (chi-squared = 189.3, p < 0.001). Suzhou showed the highest bacterial
detection rate (79.3%), above the regional average (72.4%), possibly related to dense healthcare
resources, high population mobility, and humid climate in southern Jiangsu (Table 3, Fig. 5).
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Table 3
Geographic Distribution of Specimens and Infection Patterns.

Region Specimens (n)  Proportion (%) Infection Pattern Distribution

Suzhou 8,133 28.3 Mixed: 6,102 (75.0%); Single: 2,031 (25.0%)
Nanjing 4,174 14.5 Mixed: 2,934 (70.3%); Single: 1,240 (29.7%)
Yangzhou 3,578 12.4 Mixed: 2,451 (68.5%); Single: 1,127 (31.5%)
Others* 3,249 11.3 Mixed: 2,189 (67.4%); Single: 1,060 (32.6%)
Lianyungang 2,484 8.6 Mixed: 1,679 (67.6%); Single: 805 (32.4%)
Wuxi 1,957 6.8 Mixed: 1,318 (67.3%); Single: 639 (32.7%)
Changzhou 1,879 6.5 Mixed: 1,252 (66.6%); Single: 627 (33.4%)
Taizhou 1,239 4.3 Mixed: 805 (65.0%); Single: 434 (35.0%)
Nantong 1,051 3.7 Mixed: 692 (65.8%); Single: 359 (34.2%)
Xuzhou 607 2.1 Mixed: 374 (61.6%); Single: 233 (38.4%)
Huai'an 287 1.0 Mixed: 196 (68.3%); Single: 91 (31.7%)
Sugian 73 0.3 Mixed: 45 (61.6%); Single: 28 (38.4%)
Yancheng 25 0.1 Mixed: 16 (64.0%); Single: 9 (36.0%)

* Others: aggregate of regions with < 50 specimens per site. Chi-squared test: p < 0.001.

3.6 Single vs. Mixed Infection Patterns

Of the 28,736 specimens, 8,993 (31.3%) yielded a single pathogen category (single infection) and 19,743
(68.7%) yielded multiple categories (mixed infection). The prevalence of mixed infections was highest in
the 1-4 year group (73.5%) and lowest in the > = 60 year group (46.2%), suggesting that young children
are more likely to harbor multiple simultaneous pathogen categories (Fig. 6). It should be noted that
“mixed infection” in this study was defined at the pathogen category level (i.e., = 2 of the following four
categories: bacteria, viruses, atypical pathogens, or others), which may differ from species-level co-
infection definitions used in other studies. This category-based approach may result in a higher mixed
infection rate compared to studies defining co-infection at the species level.

3.7 Co-infection Pair Analysis

The ten most frequent co-infection pairs are presented in Table 4 and Fig. 7. The most common pair was
Haemophilus influenzae + Streptococcus pneumoniae (n = 215; common nasopharyngeal co-colonizers,
pathogenic during immune compromise). Viral-bacterial pairs were also prominent: RSV-A + S.
pneumoniae (n = 205; viral priming followed by secondary bacterial infection, higher severity risk) and
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RSV-A + M. catarrhalis (n = 176; common in young children), consistent with viral infection predisposing
to secondary bacterial colonization.

Table 4
Top 10 Most Frequent Co-infection Pathogen Pairs.
Rank Co-infection Pair Count Relative Note
(n)
1 Haemophilus influenzae + Streptococcus 215 Most frequent bacterial co-
pneumoniae infection pair
2 RSV-A + Streptococcus pneumoniae 205 Viral-bacterial co-infection
3 RSV-A + Moraxella catarrhalis 176 Viral-bacterial co-infection
4 Haemophilus influenzae + Rhinovirus A 167 Viral-bacterial co-infection
5 Moraxella catarrhalis + Streptococcus 154 Bacterial co-infection
pneumoniae
6 RSV-A + Haemophilus influenzae 131 Viral-bacterial co-infection
7 Moraxella catarrhalis + Rhinovirus C 129 Viral-bacterial co-infection
8 Haemophilus influenzae + Acinetobacter 120 Bacterial co-infection
baumannii
9 Haemophilus influenzae + Rhinovirus C 118 Viral-bacterial co-infection
10 Klebsiella pneumoniae + Acinetobacter 116 Bacterial co-infection
baumannii

Co-infection pairs were identified from all mixed-infection records (n = 19,743). Only pairs with > = 2 distinct
pathogens are included.

3.8 Monthly Heatmap of Pathogen Dynamics

A comprehensive monthly heatmap (Fig. 8) revealed dynamic shifts in pathogen profiles. Rhinovirus A
and Rhinovirus C showed pronounced Spring (March—May) and Autumn (September—November) peaks.
RSV-A and RSV-B exhibited a clear Winter predominance (November—February), aligning with their
known epidemiology. Haemophilus influenzae and Streptococcus pneumoniae showed relatively stable
detection rates throughout the year.

4.Discussion

4.1 Pathogen Landscape and Clinical Implications

This study performed a large-scale analysis of 28 736 pediatric respiratory specimens in East China
based on targeted metagenomic next-generation sequencing (tNGS), and comprehensively characterized
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the epidemiological profiles of respiratory pathogens in 2025. Metagenomic sequencing (including
mNGS and tNGS) for respiratory specimens exhibits a significantly higher detection yield compared with
microbial culture, PCR, and serological assays, and bronchoalveolar lavage fluid (BALF) specimens
demonstrate far greater clinical value than sputum samples. Targeted tNGS features higher sensitivity
and lower cost, making it suitable for the screening of common respiratory pathogensii10l. The 100%
pathogen detection rate indicates a high analytical sensitivity of the tNGS platform; however, the clinical
significance of individual pathogen detections requires interpretation in conjunction with clinical
presentation in symptomatic children. The mixed infection rate reached as high as 68.7%, which
challenges the traditional clinical concept of single-pathogen pathogenesis and highlights the necessity
of comprehensive pathogen detectionk11l. The top five predominant pathogens were consistent with
the epidemiological characteristics of nasopharyngeal bacterial colonization in childrenk12-14X.

4.2 Age as a Determinant of Pathogen Profile

The age distribution of the study population showed statistically significant differences, with children
aged 1-4 years accounting for more than 42% of all enrolled individuals. This distribution pattern is
highly consistent with the global age-related disease burden of severe acute respiratory infections. From
a clinical perspective, children aged 1-4 years are in a critical period of rapid but immature immune
development, accompanied by weakened respiratory mucosal barrier function and relatively low
resistance to various respiratory pathogens. Meanwhile, children in this age group have an expanded
scope of daily activities, which increases the probability of pathogen exposure, thereby rendering them a
high-risk population for severe acute respiratory infectionsli15l. These findings further confirm the age-
dependent pattern of pediatric respiratory infections and provide an important age-targeted basis for
precise prevention and stratified clinical intervention of severe acute respiratory infections. It is
recommended to prioritize the monitoring and early intervention strategies for children aged 1-4 years,
so as to reduce the risk of disease progression to severe cases.

In terms of the age distribution of viral detection, respiratory syncytial virus A (RSV-A) exhibited the
highest detection rate (> 40%) in infants aged less than 1 year, which is fully consistent with the disease
burden characteristics of severe bronchiolitis in this age groupli16l. Neonates and infants possess
unique respiratory anatomical features, including narrow airways and abundant mucosal blood vessels.
Once infected with RSV-A, airway mucosal congestion and edema may occur, potentially resulting in
airway obstruction and subsequent progression to severe bronchiolitis, which may be life-threatening in
severe casesli17l. This finding indicates that RSV-A is one of the major pathogens responsible for severe
respiratory infections in infants under 1 year of age. Clinically, RSV-A infection should be prioritized in
infants presenting with acute respiratory symptoms, with timely pathogen detection and targeted
treatment initiated accordingly. Meanwhile, preventive interventions against RSV (such as vaccination
and passive immunization) should be explored for high-risk infants to alleviate the corresponding
disease burden.

Different from the age-concentrated distribution of RSV-A, rhinovirus infection showed a broader age
distribution, with a prominent peak among children aged 1-13 years, and was closely associated with
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wheezing episodes and acute asthma exacerbationsii18K. On the one hand, children aged 1-13 years
span from early childhood to adolescence, with increasing opportunities for exposure to external
environments. As a prevalent respiratory pathogen, rhinovirus is easily transmitted via respiratory
droplets and close contact, leading to an elevated infection ratell19l. On the other hand, rhinovirus
infection has been associated with inflammatory responses in the airway mucosa, damage airway
epithelial cells, and induce airway hyperresponsiveness. For children with underlying airway
hypersensitivity or asthma, rhinovirus infection may precipitate wheezing attacks or acute asthma
exacerbations, which is in line with previous findings regarding the association between rhinovirus
infection and pediatric wheezing as well as acute asthma episodesli20H.

4.3 Seasonal Characteristics and Epidemiological
Surveillance

The seasonal distribution of viral infections in this study was basically consistent with previously
reported datall21-22H, which further verified the reliability of the research findings. Rhinovirus infection
exhibited a peak incidence in spring and autumn, which is in line with the epidemiological characteristics
of rhinovirus in temperate regions—year-round prevalence with concentrated outbreaks in spring and
autumnli23l. Such seasonal distribution differences may be, speculatively, closely associated with
drastic temperature fluctuations in spring and autumn, reduced adaptability of children’s respiratory
mucosa, and increased opportunities for pathogen transmission caused by heightened crowd
aggregation activities.

In contrast, respiratory syncytial virus A (RSV-A) showed a typical winter peak distribution. This feature
not only conforms to the established seasonal epidemic pattern of RSV infectionli24i but also validates
the internal consistency of viral detection data obtained via tNGS technology in this study.

The seasonal distribution characteristics of viral infections provide an important time-targeted basis for
the seasonal prevention and control of pediatric respiratory tract infections. The findings of this study
can further improve the regional surveillance system for pediatric respiratory viral infections, supplement
the seasonal epidemiological data of different viruses, and offer scientific support for the formulation of
clinical seasonal intervention strategies. For instance, targeted prevention and monitoring measures for
pediatric respiratory tract infections can be strengthened in spring and autumn to reduce clustered
transmission in response to the peak prevalence of rhinovirus during these seasons. Regarding the
winter predominance of RSV-A, it is feasible to optimize RSV screening and intervention protocols for
infants in winter, rationally arrange the vaccination schedule, and enhance the pertinence and
effectiveness of preventive interventions. Ultimately, this can further reduce the disease burden of
pediatric respiratory tract infections across different seasons.

4.4 Regional Characteristics and Epidemiological
Surveillance
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The results of this study revealed marked regional differences in the volume of submitted specimens
and bacterial detection rates across prefecture-level cities in Jiangsu Province. Suzhou had the largest
number of submitted specimens in the province, with a bacterial detection rate of 79.3%, which was
higher than the provincial average of 72.4%. Significant statistical heterogeneity was observed in the
pathogen detection distribution among different regions (x>=189.3, P < 0.001), indicating that the
regional differentiation of bacterial epidemic characteristics was genuine rather than attributable to
sampling error.

The relatively high bacterial detection rate in Suzhou can be explained by multiple factors. First, Suzhou
enjoys a well-developed layout of medical resources, with dense coverage of tertiary hospitals, maternal
and child health institutions, and third-party laboratory testing platforms. The popularization of
grassroots pathogen screening is high, and the proportion of residents taking the initiative for medical
consultation and health screening is greater. This enrolls more patients with mild and subclinical
infections, which may contribute to a higher observed positive detection rate. Second, Suzhou has a
large resident population and a highly concentrated floating population. Frequent population mobility
and dense crowd aggregation facilitate community transmission and cryptic circulation of pathogenic
bacteria. Third, the southern Jiangsu region features a humid climate and a prolonged plum rain season.
The warm and humid environment is conducive to the growth and colonization of pathogenic bacteria.

The regional heterogeneity of bacterial detection rates across Jiangsu Province results from the
combined effects of medical resource allocation, population mobility patterns, specimen composition,
and geographical environmental conditions. The findings of this study can provide an epidemiological
reference for implementing localized pathogen surveillance, primary screening, and formulating targeted
infection prevention and control strategies in Jiangsu Province.

4.5 Clinical Significance of Mixed Infections

The overall mixed infection rate in this study reached 68.7%, which was markedly higher than the range
of 14%—-30% reported in previous studies adopting conventional culture methodsli25-26M. This suggests
that the higher mixed infection rate may partially reflect the superior sensitivity of tNGS in pathogen
detection. Limited by culture conditions and intrinsic growth properties of microorganisms, conventional
culture approaches frequently fail to detect fastidious or low-abundance pathogens. In contrast, tNGS
enables simultaneous screening for a broad spectrum of pathogens and substantially improves the
detection efficiency of mixed infections.

Among bacterium-bacterium coinfections, the combination of Haemophilus influenzae plus
Streptococcus pneumoniae ranked among the most prevalenti27[. Multiple lines of evidence indicate
that Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis constitute a
common bacterial commensal consortium in the pediatric respiratory tracti28K. In addition, virus-
bacterium coinfection patterns are prevalent in respiratory pathogen infections29—-30K. Respiratory viral
infection can impair the respiratory mucosal barrier and disrupt local immune homeostasis, creating
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favorable conditions for bacterial colonization and invasion. This observation highlights the need for
clinical vigilance against viral-bacterial co-infections in young children with acute respiratory infections.

Collectively, the age-specific distribution, seasonal patterns, and polymicrobial infection characteristics
observed in this study reflect the intrinsic transmission and pathogenic profiles of respiratory pathogens.
These findings enrich the epidemiological database of pediatric respiratory infections and provide
valuable evidence for precise clinical prevention, etiological diagnosis, and individualized therapeutic
strategies.

4.6 Strengths and Limitations

Strengths include the large sample size (N = 28,736), comprehensive tNGS-based detection covering a
broad spectrum of respiratory pathogens, multi-center geographic coverage across 13 regions within
Jiangsu Province, full-year temporal sampling encompassing all four seasons, and a standardized
bioinformatics and statistical analysis pipeline.

Limitations of this study should be carefully considered:

First, the retrospective design introduces inherent selection bias. As this study utilized clinically referred
specimens, the cohort is subject to referral bias - tNGS testing was primarily ordered for patients with
clinical suspicion of atypical or severe infection, failure of conventional diagnostic methods, or complex
medical histories. This likely over-represents diagnostically challenging or unusual cases and may not
fully reflect the true pathogen distribution in community-acquired ARIls. Additionally, the uneven
geographic distribution of specimens (Suzhou alone contributing 28.3% of all samples, while some
regions contributing < 2%) further introduces regional selection bias, potentially over-representing
pathogen epidemiology in southern Jiangsu.

Second, tNGS cannot reliably differentiate between active infection and asymptomatic colonization. The
platform detects microbial nucleic acid sequences above predefined thresholds (normalized coverage >
= 0.1%; effective reads > = 50) regardless of whether the organism represents the causative pathogen, a
colonizing commensal, an environmental contaminant, or a transiently present organism. This is
particularly relevant for bacteria such as H. influenzae (26.4%), S. pneumoniae (23.0%), and M.
catarrhalis (21.1%), which are well-documented nasopharyngeal commensals in children, especially in
the 1-4 year age group where respiratory carriage rates are known to be highest. The high overall
bacterial detection rate (72.4%) and mixed infection rate (68.7%) may therefore partly reflect the natural
respiratory microbiota of the study population rather than solely representing pathogenic involvement in
each acute illness episode.

Third, detailed clinical information was limited. Available data were restricted to basic demographic
variables (age, sex, geographic region, collection date) and specimen type. Critical clinical parameters
were not available, including: disease severity indicators (e.g., need for supplemental oxygen, intensive
care unit admission, mechanical ventilation, length of hospital stay); antimicrobial treatment history prior
to and following tNGS testing; vaccination status (particularly against S. pneumoniae, H. influenzae type
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b, and RSV); presence of underlying comorbidities (e.g., asthma, congenital heart disease,
immunodeficiency); and definitive clinical outcomes (e.g., recovery, complications, mortality). This limits
our ability to correlate specific pathogen detection profiles with clinical severity, treatment response, or
prognosis.

Fourth, the absence of a healthy control group prevents determination of baseline carriage rates. Without
asymptomatic controls matched by age, region, and season, we cannot determine whether detected
pathogens represent true infection or background respiratory flora. Inclusion of a healthy control cohort
would enable calculation of odds ratios for individual pathogens and help differentiate pathogenic
organisms from benign commensals.

Fifth, data on antimicrobial exposure prior to specimen collection were not available. Prior antibiotic use
may suppress growth and reduce detectability of susceptible bacterial pathogens (potentially leading to
false-negative results for organisms such as S. pneumoniae) while simultaneously selecting for resistant
strains (potentially over-representing organisms such as A. baumannii, 13.1%). The direction and
magnitude of this bias cannot be quantified in the current dataset.

Sixth, the tNGS technology has inherent technical limitations. The targeted panel approach employed in
this study covers a predefined set of respiratory pathogens; emerging, novel, or unexpected pathogens
outside the reference database would not be detected. Additionally, semi-quantitative interpretation
based on normalized coverage and read counts has not been fully harmonized across different tNGS
platforms and bioinformatics pipelines, and inter-laboratory variability in wet-lab protocols (e.g., nucleic
acid extraction efficiency, library preparation methods) may affect detection thresholds and limit cross-
study comparability.

Seventh, generalizability is constrained by geography and population. Although specimens were
collected from 13 regions across Jiangsu Province, the findings may not be directly generalizable to
other provinces in China with different climates, population densities, socioeconomic characteristics, or
pathogen epidemiology. Furthermore, international generalizability is likely limited given regional
variations in vaccination policies, antimicrobial stewardship practices, and healthcare access patterns.
Replication studies in other geographic regions are warranted.

4.7 Future Directions

Future studies should integrate prospective, multi-center clinical data with tNGS profiles to build
predictive models for severe ARI outcomes. Longitudinal cohort studies with healthy controls will help
establish causality and differentiate colonization from infection. The integration of metagenomics with
host transcriptomic and proteomic profiling holds promise for developing multi-modal signatures of
disease severity. Application of mMNGS to outbreak surveillance in pediatric settings may enable earlier
detection of emerging respiratory pathogens and antimicrobial-resistant strains.

5. Conclusions
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Several important caveats should be considered when interpreting these findings. First, the retrospective
design using clinically referred specimens introduces potential selection bias, as tNGS testing was
typically ordered for patients with suspected atypical or severe infection, or those who failed to respond
to empirical treatment. Second, tNGS detects nucleic acid sequences regardless of whether the
organism represents active infection, asymptomatic colonization, or environmental contamination - this
is particularly relevant for H. influenzae, S. pneumoniae, and M. catarrhalis, which are known
nasopharyngeal commensals in young children. Third, the absence of healthy control groups and clinical
outcome data precludes causal inference between detected pathogens and disease severity. Fourth, the
highly skewed geographic distribution (Suzhou contributing 28.3% of all specimens) means that regional
patterns, particularly for cities with smaller sample sizes, should be interpreted cautiously. Despite these
limitations, this study provides the most comprehensive tNGS-based characterization to date of the
respiratory pathogen landscape in Jiangsu Province and offers a foundation for future prospective
validation studies.

This multi-center, cross-sectional tNGS study of 28 736 pediatric respiratory specimens from Jiangsu
provinces provides the most comprehensive characterization to date of the respiratory pathogen
landscape in this population. Key conclusions are: (1) all specimens yielded at least one pathogen, with
bacteria (72.4%) and viruses (66.6%) being predominant; (2) mixed infections were highly prevalent
(68.7%), emphasizing the polymicrobial nature of pediatric ARIs; (3) distinct age-related, regional, and
seasonal patterns were identified (p < 0.001); (4) Haemophilus influenzae, Streptococcus pneumoniae,
and Moraxella catarrhalis were the most frequently detected pathogens; (5) co-infection pairs between
H. influenzae and S. pneumoniae, and between RSV-A and bacterial pathogens, were the most common.
These findings underscore the value of comprehensive, hypothesis-free diagnostic approaches such as
tNGS in understanding and managing pediatric respiratory infections in eastern China.
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(A) Pathogen Category Distribution

(B) Seasonal Distribution of Pathogen Categories
(normalized to 100% per quarter)
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Figure 1

Pathogen Category Composition and Seasonal Distribution.

(A) Donut chart showing the proportion of Bacteria, Virus, Atypical Pathogen, and Others among all positive

detections. (B) Seasonally stratified stacked bar chart (normalized to 100% per quarter). N = 28,736
specimens.
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Figure 2

Detection Rates of the Top 20 Respiratory Pathogens.

Horizontal bar chart displaying the top 20 pathogens by detection rate (%). Color coding indicates pathogen
category: Bacteria (blue), Virus (orange), Atypical Pathogen (green). N = 28,736.
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Figure 3. Age-stratified Detection Rates of Top Pathogens (%)
(Chi-square test, all p < 0.001***)
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Figure 3

Age-Stratified Detection Rate Heatmap of the Top 15 Pathogens.

Heatmap illustrating the detection rate (%) of the 15 most prevalent pathogens across seven age groups.
Color intensity reflects the magnitude of detection rate. N = 28,736 specimens.
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Figure 4. Monthly Detection Trends of Top 8 Pathogens
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Figure 4

Monthly Trends of the Top 8 Pathogens (January-December 2025).

Line plots showing monthly detection rates (%) of the eight most prevalent pathogens. Rhinovirus A/C peak
in Spring and Autumn; RSV-A peaks in Winter (November-December). N = 28,736.

Figure 5. Regional Distribution of Pathogen Categories
(normalized to 100% per region)
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Figure 5

Regional Distribution of Pathogen Categories Across Major Cities.
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Grouped bar chart showing the relative proportion (%) of Bacteria, Virus, Atypical Pathogen, and Fungi
across the 10 most represented cities. Data are normalized per city. Suzhou: Bacteria 56.4%, Virus 22.7%;
Nanjing: Virus 23.2%. N = 28,736.

Figure 6. Infection Pattern Differences Across Age Groups
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Figure 6

Single vs. Mixed Infection Patterns by Age Group.

(A) Stacked bar chart showing the proportion of single infection (blue) and mixed infection (orange) across
age groups. (B) Mean number of pathogen categories detected per specimen by age group. N = 28,736.
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Figure 7. Top 20 Pathogen Co-occurrence Pairs in Mixed Infections
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Figure 7

Top 20 Pathogen Co-infection Pairs.

Horizontal bar chart of the 20 most frequently detected co-infection pairs. Color intensity indicates
combination type: bacterial-bacterial (dark blue), viral-bacterial (orange), others (gray).
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Figure 8. Monthly Detection Rate Heatmap for Top Pathogens (%)
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Figure 8

Monthly Detection Rate Heatmap of the Top 12 Pathogens.

Heatmap showing monthly detection rates (%) of the 12 most prevalent pathogens across all 12 months of

2025. Seasonal separators (dashed lines) delineate Spring, Summer, Autumn, and Winter. N = 28,736
specimens.
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