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Objective: To evaluate the diagnostic performance of metagenomic next-generation
sequencing (MNGS) and culture in pathogen detection among intensive care unit (ICU)
and non-ICU patients with suspected pulmonary infection.

Methods: In this prospective study, sputum samples were collected from patients with
suspected pulmonary infection for 2 consecutive days and then subjected to DNA or RNA
sequencing by mNGS or culture; 62 ICU patients and 60 non-ICU patients were admitted.
In the end, comparisons were made on the pathogen species identified by mNGS and
culture, the overall performance of these two methods in pathogen detection, and the
most common pathogens detected by mNGS between the ICU and non-ICU groups.

Results: In DNA and RNA sequencing, the positive rate of pathogen detection reached
96.69% (117/121) and 96.43% (108/112), respectively. In culture tests, the positive rate of
the pathogen was 39.34% (48/122), much lower than that of DNA and RNA sequencing.
In general, the positive rate of pathogen detection by sputum mMNGS was significantly
higher than that of sputum culture in the total and non-ICU groups (p < 0.001) but did not
show a significant difference when compared to the result of sputum culture in the ICU
group (p = 0.08). Haemophilus spp., Candida albicans, Enterococcus spp., and viruses
from the mMNGS results were excluded before comparing the overall performance of these
two methods in pathogen detection. Specifically, among the 10 most common bacteria
implied from the mMNGS results, significant differences were observed in the number of
cases of Haemophilus parainfluenzae, Acinetobacter baumannii, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Staphylococcus aureus, and
Enterococcus faecalis between the ICU and non-ICU groups (p < 0.05).

Conclusions: This study demonstrated the superiority of MNGS over culture in detecting
all kinds of pathogen species in sputum samples. These results indicate that mMNGS may

serve as a valuable tool to identify pathogens, especially for ICU patients who are more
susceptible to mixed infections.

Sequencing for Pulmonary Infection in
Intensive Care Unit and Non-Intensive
Care Unit Patients.
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INTRODUCTION

Pulmonary infection is one of the most common clinical
infections caused by an extremely broad class of pathogens,
including bacteria, viruses, fungi, mycoplasma, chlamydia, and/
or other pathogenic microorganisms (Magill et al., 2014). It is
challenging to identify the pathogens in non-intensive care unit
(non-ICU) patients, not to mention ICU patients who tend to be
immunocompromised and/or be connected to a ventilator (Li
et al., 2020; Geng et al., 2021). Though the culture has been used
as the diagnostic gold standard for many bacterial infections, it is
time-consuming, and it cannot identify many atypical pathogens
and even fails to identify the most abundant species from time to
time (Schlaberg et al., 2017). Thus, it is of crucial importance to
look for efficient alternatives with a high degree of sensitivity and
specificity to speed up the diagnosis process and guide clinicians
to the most appropriate treatment. In recent years, unbiased
metagenomic next-generation sequencing (mNGS) is emerging
as a valuable tool in the diagnosis of infectious diseases, capable
of simultaneously detecting almost all species in one sample (Gu
etal., 2019). This technique has a higher sensitivity than culture-
based methods, especially for pathogen identification in
bronchoalveolar lavage fluid (BALF), blood, and sputum. In
this study, we aimed to compare the pathogen species
identified by mNGS and culture, the overall performance of
these two methods in pathogen detection, and the most common
pathogens detected by mNGS between the ICU and non-
ICU groups.

MATERIALS AND METHODS
Study Patients

A prospective study was conducted to collect sputum from
patients with suspected pulmonary infection throughout the
hospital who required sputum culture. The following exclusion
criteriawere used: i) sputum samples that failed to pass quality
control of mNGS (e.g., contain <10 epithelial cells per low-power
field and >25 white blood cells per high-power field), ii)
incomplete clinical history, and iii) sample leakage and
contamination. Baseline data were collected fromthe electronic
medical records of the patients, including demographic
characteristics, comorbidities, immunosuppressive state,
treatment process, prognosis, and whether admitted to ICUs,
including ICU, emergency ICU, neurology ICU, coronary care
unit, respiratory ICU, neonatal ICU, and pediatric ICU.

Specimen Collection and Processing

On January 14 and 15, 2021, 139 sputum specimens (including 17
duplicate specimens) were collected from the inpatients with
suspected pulmonary infection in the Affiliated Hospital of
Xuzhou Medical University. Depending on the patient’s
condition, different procedures were taken for sampling. For
patients who were awake and cooperative, they were asked to
collect sputum in the morning after rinsing their mouths or

brushing their teeth. Patients with dentures should remove their
dentures and then spit the sputum directly into a sterile, dry, leak-
proof container in order to avoid adding saliva or nasopharyngeal
secretions to the sputum samples. For patients with artificial
airways or in a coma, the sputum samples were collected by
applying negative pressure to a disposable suction tube inserted
into the artificial airway to the lungs or through the nasal cavity to
the glottis. In the end, a total of 122 cases were included, with 62
cases being ICU patients and the rest being non-ICU patients.
Ideally, the volume of all specimens should be >1 ml, part of which
was kept under strict sterile conditions for culture, while the rest of
it was stored in a sterile sealed container and sent to a Vision
Medicals Laboratory in Nanjing for mNGS. If the amount of
specimen was too small, DNA testing was performed instead.

Sputum Culture Test

A sputum sample examined microscopically should contain <10
epithelial cells per low-power field and >25 white blood cells per
high-power field. Then, these samples were digested and shaken to
homogenates, which were then inoculated to the appropriate
medium. Cultures were performed using a PROBACT-K auto
marking and culture apparatus (DIASE, Wuhan, China) for a
maximum period of 5 days, with bacteria identified by VITEK-2
Compact (Merrier, Shanghai, China).

Metagenomic Next-Generation Sequencing
Initially, human DNA was removed by Benzonase (Qiagen,
Valencia, CA, USA) and Tween20 (Sigma, St. Louis, MO,
USA). Then, the bacterial cell wall was digested, and DNA
extraction was carried out using a QIAamp® UCP Pathogen
DNA Kit (Qiagen), followed by DNA fragmentation, adaptor
ligation, biomolecular label (barcode) amplification, and on-
board sequencing. Total RNA was extracted with a QIAamp®
Viral RNA Kit (Qiagen), and ribosomal RNA was removed by a
Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA).
cDNA was generated using reverse transcriptase and dNTPs
(Thermo Fisher, Waltham, MA, USA). For negative controls,
peripheral blood mononuclear cell (PBMC) samples were
collected from healthy donors, diluted to a concentration of
10° cells/ml, and processed in parallel with each batch under the
same protocol, with sterile deionized water extracted alongside
PBMC samples to serve as non-template controls (NTCs).

Nucleic acid detection and sequencing were performed based
on the Illumina IDseq platform. Libraries were constructed for
the DNA and ¢cDNA samples using a Nextera XT DNA Library
Prep Kit (Illumina, San Diego, CA, USA) (Miller et al., 2019).
The quality of libraries was evaluated by a Qubit dsDNA HS
Assay Kit, followed by a High Sensitivity DNA Kit (Agilent,
Santa Clara, CA, USA) on an Agilent 2100 Bioanalyzer. Library
pools were then loaded onto an Illumina NextSeq CN500
sequencer for 75 cycles of single-end sequencing to generate
approximately 20 million reads for each library.

Bioinformatics Analysis
Trimmomatic was used to exclude low-quality reads, adapter
contamination, duplicate reads, and reads shorter than 50 bp.
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Low-complexity reads were removed by Kcomplexity with
default parameters (Bolger et al.,, 2014). Human sequence data
were identified and excluded by aligning to a human reference
genome hg38 in Burrows-Wheeler Aligner software. For
selecting representative assembly for microorganisms from the
NCBI Nucleotide and Genome databases (NCBI, 2021), a set of
criteria similar to the National Center for Biotechnology
Information (NCBI) criteria was designed. The pathogen list
was completed according to the Johns Hopkins ABX Guide
(Johns Hopkins ABX Guide, 2021), Manual of Clinical
Microbiology (MCM, 12th Edition, 2019), and clinical case
reports or research articles published in current peer-reviewed
journals (Fiorini et al., 2017), with the final database consisting of
~13,000 genomes. To minimize cross-species misalignments
among closely related microorganisms, the RPM of
microorganisms sharing a genus or family designation was
penalized (reduced), if the species or genus appeared in NTCs.
A penalty of 5% was set for species (Gu et al., 2021).

Statistical Analysis

Continuous variables with normal distribution were expressed as
mean = SD, whereas continuous data with non-normal
distribution were expressed as median (Q1, Q3). Categorical
data were expressed as numbers (percentages). Comparative
analyses were conducted by Pearson’s % test, McNemar’s chi-
square test, ANOVA, Z test, and Mann-Whitney U test.
According to the extracted data, a 2 x 2 contingency table was
established to calculate sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV). The R 4.1.0
software was used for data analysis, and a two-tailed value of p <
0.05 was considered for significant differences.

RESULTS

Characteristics of Basic Information on
Samples and Patient Conditions

The basic information on 122 patients with suspected pulmonary
infection is presented in Table 1. Sputum samples collected from
these subjects were successfully tested by culture, while the data
of DNA sequencing were incomplete due to an operational miss,

thus including results of all non-ICU samples but only 61 ICU
samples (99.18%). There were even less data on RNA pathogens
because RNA sequencing was only performed on 52 ICU
samples (83.87%) and 60 non-ICU samples (100%). In this
study, 62 ICU patients (50.82%) and 60 non-ICU patients
(49.18%) were included, consisting of 77 men and 45 women
with a median age of 62.5 years, a median length of stay of 16
days, and a mortality rate of 7%. There were no significant
differences between the ICU group and the non-ICU group in
age, gender, and mortality rate (p > 0.05 in all), except for the
length of stay (p < 0.001). Of all clinical conditions listed in
Table 2, the most common ones in patients appeared to be a
cerebral stroke, coma, solid tumor, diabetes, chronic obstructive
pulmonary disease (COPD), and post-chemotherapy.

Comparison of Pathogen Species
Identified by Metagenomic
Next-Generation Sequencing

and Culture

To identify the pathogens in sputum, DNA sequencing, RNA
sequencing, and culture tests were performed on 121 (121/122,
99.18%), 112 (112/122, 91.80%), and 122 (122/122, 100%)
samples, respectively. The results of mNGS and culture are
shown in Figure 1. It should be noted that opportunistic
pathogens were also listed in the results, such as Haemophilus
parainfluenzae, Haemophilus influenzae, Enterococcus faecium,
Enterococcus faecalis, and Candida albicans.

In DNA sequencing, the positive rate of pathogen detection
reached 96.69% (117/121). A total of 272 strains of bacteria in 38
species, 66 strains of fungi in 9 species, and 176 viruses in 14
species or subspecies were detected, along with 8 strains of 4
atypical pathogens, including Ureaplasma parvum (4/121,
3.31%), Mycoplasma hominis (1/121, 0.82%), Whipple whipplei
(2/121, 1.65%), and Pneumocystis jirovecii (1/121, 0.82%). The
most abundant bacterial species was H. parainfluenzae (53/121,
43.80%), followed by Acinetobacter baumannii (29/121, 23.97%),
Klebsiella pneumoniae (27/121, 22.31%), Staphylococcus aureus
(22/121, 18.18%), Pseudomonas aeruginosa (20/121, 16.53%),
Stenotrophomonas maltophilia (17/121, 14.05%), E. faecium
(17/121, 14.05%), H. influenzae (12/121, 9.92%), E. faecalis
(11/121, 9.10%), and Moraxella catarrhalis (9/121, 7.38%). The

TABLE 1 | Basic information on samples and patients.

Basic information* Total Icu* Non-ICU** p-Value**
Sample number, n (%) 122 (100) 62 (50.82) 60 (49.18) /
Sputum culture, n (%) 122 (100) 62 (50.82) 60 (49.18) /
DNA sequencing, n (%) 121 (99.18) 61 (98.39) 60 (100) /
RNA sequencing, n (%) 112 (90.98) 52 (83.87) 60 (100) /
Age, median years (Q1, Q3) 62.5 (47, 73) 55.57 (42.25, 71) 62.37 (51.5, 74.5) 0.09
Gender, male, n (%) 77 (63.12) 38 (61.29) 39 (65) 0.81
Length of stay, median days (Q1, Q3) 16 (11, 28.75) 23 (13, 39) 13 (9, 20) <0.001
Mortality rate, n (%) 7 (5.74) 6 (9.68) 1(1.67) 0.1

*After Shapiro-Wilk tests, age and length of stay did not follow a normal distribution.

#The ICU group includes patients from the intensive care unit (ICU), emergency ICU, neurology ICU, coronary care unit, respiratory ICU, neonatal ICU, pediatric ICU, and those once

admitted to the abovementioned units.

**The non-ICU group includes patients from the neurology department, neurosurgery department, respiratory medicine department, and hematology department.
# Age and length of stay used Mann-Whiney U test, gender used Pearson’s y test, and mortality rate used continuity correction Pearson’s j test.
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TABLE 2 | Clinical conditions of patients.

Clinical conditions*, n (%) Total (122)
Cerebral stroke” 45 (36.89)
Coma 31 (25.41)
Solid tumor 22 (18.03)
Diabetes 15 (12.30)
COPD** 12 (9.84)
Post-chemotherapy 11 (9.02)
Hematopoietic malignancies 9 (7.38)
Chronic kidney disease 9 (7.38)
Cardiovascular disease 7 (56.74)
Autoimmune diseases 5 (4.10)
Asthma 4 (3.28)
Bronchiectasis 3 (2.46)
Cardiac arrest 3 (2.46)

ICU, intensive care unit.
*One patient may have more than one condition.
#Traumatic intracranial hemorrhage was included.

ICU (62) Non-ICU (60) p-Value
39 (62.90) 4 (6.67) <0.001
29 (46.77) 2 (3.33) <0.001

4 (6.62) 18 (30) 0.002
7 (11.29) 8(13.33) 0.95

2 (3.23) 10 (16.67) 0.03

0 11 (18.33) 0.001
0 9 (15) 0.001

5 (8.06) 4 (6.67) 1

4 (6.62) 3 (5) 1

1(1.61) 4 (6.67) 0.20

1(1.61) 3(5) 0.36

0 3(5) 0.12

3 (4.84) 0 0.24

*“*COPD, chronic obstructive pulmonary disease. Tests used either Pearson’s y test or continuity correction Pearson’s y test.

top 6 viruses were Torque teno virus (TTV) (49/121, 40.50%),
Epstein-Barr virus (EBV) (41/121, 33.88%), Human herpesvirus 7
(HHV-7) (36/121, 29.75%), Herpes simplex virus 1 (HSV-1) (21/
121, 17.36%), Cytomegalovirus (CMV) (16/121, 13.22%), and
Human herpesvirus 6B (4/121, 3.31%). The top 5 fungi were C.
albicans (40/121, 33.06%), Aspergillus fumigatus (7/121, 5.79%),
Candida glabrata (6/121, 4.96%), Aspergillus niger (4/121,
3.31%), and Candida tropicalis (3/121, 2.48%).

In RNA sequencing, the positive rate of pathogen detection also
reached 96.43% (108/112). All the bacteria, fungi, DNA viruses, and
atypical pathogens detected by RNA sequencing had already been
indicated in DNA sequencing. A total of 54 RNA viruses in 16
species or subspecies were detected, among which Human
respiratory syncytial virus B was the most abundant species (10/
112, 89.29%) followed by Rhinovirus A (9/112, 8.04%), Human
Coronavirus HKUI (7/112, 6.25%), Human respiratory virus 1 (5/
112, 4.46%), Human metapneumovirus (4/112, 3.57%), and Human
Coronavirus 229E (3/112, 2.68%). Human Coronavirus NL63,
Rhinovirus B, Rhinovirus C, Influenza virus C, Human respiratory
virus 3, and Human respiratory syncytial virus A accounted for
1.80% (2/112, 1.79%). Hepatitis C virus 2, Human Mumps Virus 2,
and Norovirus GI were detected once only (1/112, 0.89%).

In culture tests, the positive rate of the pathogen was 39.34% (48/
122), much lower than that of DNA and RNA sequencing. A total of
54 strains of bacteria in 7 species were detected, with A. baumannii
being the most common one (18/122, 14.75%), followed by K.
pneumoniae (17/122, 13.93%), P. aeruginosa (11/122,9.02%), and S.
aureus (5/122, 4.10%). S. maltophilia, Enterobacter cloacae, and M.
catarrhalis were found once only (1/122, 0.82%). C. albicans was the
only fungus identified from sputum culture because of its
massive growth.

Comparison of Overall Performance of
Metagenomic Next-Generation
Sequencing and Culture in

Pathogen Detection

Due to the limitations of culture-based methods in detecting certain
opportunistic pathogens, fungi, and viruses, we decided to exclude

Haemophilus spp., C. albicans, Enterococcus spp., and viruses from
the mNGS results before comparing the overall performance of
these two methods in pathogen detection. The positive rate of
pathogen detection by sputum mNGS was significantly different
from that of sputum culture in the total and non-ICU groups (p <
0.001) but did not show any significant difference when compared
to the result of sputum culture in the ICU group (p = 0.08). In the
Total group, the positive rate of pathogen detection by mNGS was
61.48% (75/122), ~25.41% higher than the 36.07% (44/122) of
culture (Figure 2A). The PPV, NPV, and accuracy of diagnosing
pulmonary infection in all cases by mNGS were 57.33%, 97.87%,
and 72.95%, respectively. The positive likelihood ratio and negative
likelihood ratio were 2.38 and 0.04, respectively.

In the total, ICU, and non-ICU groups, the sensitivity of
mNGS was 97.73%, 97.3%, and 100%, respectively, showing that
mNGS was of great value in diagnosing infection; the specificity
of mNGS was 58.97%, 56%, and 60%, respectively. The sensitivity of
mNGS was better than that of culture in all the three groups (p <
0.01), and the results were in good coincidence in the total and ICU
groups (kappa = 0.49 and 0.57), while the consistency was average
in the non-ICU group (kappa = 0.26) (Figure 2B). In general,
sputum mNGS and culture were both positive in 43 of 122 (35.25%)
cases and were both negative in 46 of 122 (37.7%) cases. There were
32 (26.23%) and 1 (0.82%) positive cases exclusive to mNGS and
culture, respectively (Figure 2C). Only one mismatched case
showed a difference in sputum culture and mNGS results. Proteus
mirabilis was detected in mNGS, but E. cloacae was detected in the
culture. Excluding the above case, all sputum culture results can be
detected in the corresponding DNA testing procedure.

Comparison of the Most Common
Pathogens Detected by Metagenomic
Next-Generation Sequencing Between the
Intensive Care Unit and Non-Intensive
Care Unit Groups

Among the 10 most common bacteria implied from DNA
sequencing results, the number of cases of some species
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FIGURE 1 | Different pathogen species identified by metagenomic next-generation sequencing (MNGS) and culture. (A) DNA sequencing results of bacteria.
Haemophilus parainfluenzae, Haemophilus influenzae, Enterococcus faecium, Enterococcus faecalis, Candida albicans, etc., were commonly categorized into normal
respiratory microbiomes, but they can still cause infection in immunocompromised patients. Therefore, all the sequencing results were listed, including those of
respiratory microbiomes. (B) DNA sequencing results of DNA viruses, fungi, and atypical pathogens. (C) RNA sequencing results of bacteria. RNA sequencing was
performed on 112 out of 122 samples. (D) RNA sequencing results of RNA viruses, DNA viruses, fungi, and atypical pathogens. (E) Sputum culture results. H.
parainfluenzae, H. influenzae, E. faecium, E. faecalis, and C. albicans were categorized into normal respiratory microbiomes when cultured. If H. influenzae and C.
albicans grew massively, they would be reported positive. Abbreviations: A. baumannii, Acinetobacter baumannii; K. pneumoniae, Klebsiella pneumoniae; P.
Aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus; S. maltophilia, Stenotrophomonas maltophilia; E. cloacae, Enterobacter cloacae; M.

Wepattis
Human Coronavirus 229 (3)

showed significant differences between the ICU and non-ICU
groups: H. parainfluenzae, A. baumannii, K. pneumoniae, and P.
aeruginosa between groups (p < 0.001); S. maltophilia between
groups (p < 0.01); and S. aureus and E. faecalis between groups
(p < 0.05). In contrast, there were no significant differences
between groups in terms of the number of cases of the 5 most
common fungi identified by DNA sequencing, including C.
albicans, A. fumigatus, C. glabrata, A. niger, and C. tropicalis.
Likewise, the number of cases of the 5 most abundant DNA or
RNA viruses in the ICU group was not significantly different

from that in the non-ICU group, except for the DNA virus CMV
(p < 0.05) (Figure 3A).

However, the number of pathogen species detected by mNGS
varies greatly across all cases.

For the number of bacterial species detected in each case, the
median was 3 (Q1, Q3, 1, 4) in the ICU group, significantly
different from 1 (1, 2) in the non-ICU group (p < 0.001). With
regard to the median number of fungi or viruses identified per
case, there were no significant differences between groups. The
median was 0 (0, 1) for fungi in both the ICU and non-ICU
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A
Comparision of mNGS and Culture
Culture+,
. — 0.82%
M Positive Il Negative
mNGS+,
h I 26.23%
‘ ‘mNGS Total Culture Total mNGS ICU Culture ICU mNGS non-ICU  Culture non-ICU
B
Culture+ | Culture-
Total mNGS+ 43 32 PPV=57.33% NPV=97.87%
ota
mNGS- 1 46 Sens=97.73% Spec=58.97%
P<0.001 Kappa=0.49 Accuracy=72.95%
ICU mNGS+ 36 11 PPV=76.60% NPV=93.33%
mNGS- 1 14 Sens=97.30% Spec=56.00%
P<0.01 Kappa=0.57 Accuracy=80.65%
mNGS+ 7 21 PPV=25.00% NPV=100%
Non-ICU
mNGS- 0 32 Sens=100% Spec=60.00%
P<0.001 Kappa=0.26 Accuracy=65.00%
FIGURE 2 | Comparison of overall performance of metagenomic next-generation sequencing (MNGS) and culture in pathogen detection. Tests used Pearson’s x2 test.
(A) The number of positive and negative cases in the Total, intensive care unit (ICU), and non-ICU groups of sputum mNGS and culture. (B) Fourfold contingency tables
of the sensitivity and specificity of sputum mNGS and culture. We assumed sputum culture to be ground truth. Tests used McNemar’s chi-square test. (C) Pie chart of
the positivity distribution of MNGS and culture. Abbreviations: PPV, positive predictive values; NPV, negative predictive values; Sens, sensitivity; Spec, specificity. Due to
the limitations of culture-based methods in detecting certain opportunistic pathogens, fungi, and viruses, we decided to exclude Haemophilus spp., Candida albicans,
Enterococcus spp., and viruses from the mNGS results before comparing the overall performance of these two methods in pathogen detection. Only one C. albicans was
reported positive in sputum culture, and because of its massive growth, the corresponding mNGS result was listed. Since the bacteria and fungi in the RNA flow results
were all included in the DNA flow, mNGS data were based on the data of the DNA flow.

groups and 2 (1, 3) and 2 (1, 2) for viruses in the ICU group and
the non-ICU group, respectively. When taking into account all
pathogens including bacteria, fungi, viruses, and atypical
pathogens, the median was 5 (3, 7.75) in the ICU group and 4
(2, 5) in the non-ICU group, showing a significant difference
between groups (p < 0.001) (Figure 3B).

DISCUSSION

The traditional pathogen detection methods commonly used in
clinical practice, such as culture, microscopy, and serological
testing, tend to be time-consuming and have a low positive rate,
making the search for efficient alternatives increasingly
important to deliver a timely and accurate diagnosis (Miao
et al, 2018; Wang et al., 2020). In infectious diseases like
pulmonary infection, the pathogens may involve a broad class
of microorganisms including bacteria, mycobacterium
tuberculosis, viruses, fungi, mycoplasma, and chlamydia, the
complexity of which poses further challenges for traditional

methods in pathogen identification, especially in cases of
mixed infections (Wang et al., 2019; Wu et al., 2020). In order
to speed up the diagnosis process and guide clinicians to the most
appropriate treatment, it is of crucial importance to look for
efficient alternatives with a high degree of sensitivity and
specificity, such as mNGS (Hong et al,, 2020). With major
progress on challenges (e.g., human DNA contamination) and
continued decreases in cost, mNGS becomes an increasingly
popular choice for clinical diagnosis (Ji et al., 2020).

With the help of mNGS, we aimed to explore the differences
between pathogens in ICU and non-ICU patients with
pulmonary infection, on the assumption that ICU patients are
more susceptible to severe infections due to multiple traumas,
cerebrovascular accidents, shock, immunosuppression, etc.
Ideally, BALF is supposed to be used for pathogen detection in
pulmonary infection. Nonetheless, BALF is not readily available
in general wards, and thus, sputum was chosen instead.

For the comparisons made on patient attributes, there were
no significant differences between the ICU group and the non-
ICU group in age, gender, and mortality rate, except for the
length of stay. In the ICU group, the most common clinical
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FIGURE 3 | The overlap of metagenomic next-generation sequencing (MNGS) positivity between intensive care unit (ICU) and non-ICU groups for different
pathogens. (A) The most common bacteria, fungi, DNA viruses, and RNA viruses were detected by mMNGS method between ICU and non-ICU groups. The 10 most
common bacteria and the 5 most common fungi, DNA viruses, and RNA viruses were detected by mNGS method between ICU and non-ICU groups. The last 5
viruses were RNA viruses detected by RNA sequencing. Ten ICU cases did not complete RNA sequencing. Other pathogens were detected by DNA sequencing.
Tests used Z test. (B) Violin plot of bacteria, fungi, viruses, and all pathogens detected by DNA and RNA sequencing between ICU and non-ICU groups. After
Shapiro-Wilk tests, they did not follow normal distribution; tests used Mann-Whiney U test. *p < 0.05, **p < 0.01, **p < 0.001. OR, odds ratio.

conditions were cerebral stroke and coma, while in the non-ICU
group, the most common ones were solid tumor, COPD, post-
chemotherapy, and hematopoietic malignancies. All these
common conditions showed significant differences between
groups, whereas diabetes and other conditions did not.

From the mNGS results, it could be seen that H.
parainfluenzae was the most abundant bacterial species
detected by DNA sequencing, accounting for 43.80% of all
cases (53/121), and turned out to be more prevalent in the
non-ICU group (p < 0.001). H. parainfluenzae is an
opportunistic pathogen that has been associated with

endocarditis, COPD, otitis media, and, in rare cases, brain
abscesses (Pang and Swords, 2017; De Castro et al., 2019). As
expected, nearly two-thirds of non-ICU patients with H.
parainfluenzae infection suffered from tumors or COPD.
When treated improperly, H. parainfluenzae may develop
resistance mechanisms, that work alone or together, to confer
decreased susceptibility to a variety of beta-lactam antibiotics
(Garcia-Cobos et al, 2013). Although H. parainfluenzae was
often considered a member of the normal flora, it may be the
pathogen responsible for the disease in immunocompromised
patients without other evidence of etiology, especially when
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antibiotics are not effective. The higher proportion of H.
parainfluenzae in non-ICU patients is unclear, possibly
because there are more patients with mixed infections and a
higher proportion of broad-spectrum antibiotics in the ICU
patients, resulting in a low proportion of patients detected in
the ICU patients.

Unlike H. parainfluenzae, the next top 5 bacterial species
detected by DNA sequencing, also the top 5 bacterial species
identified by culture, appeared to be more common in the ICU
group (p < 0.05), including A. baumannii, K. pneumoniae, S.
aureus, P. aeruginosa, and S. maltophilia. Given the ability of A.
baumannii to live on a variety of hospital surfaces such as
surgical drains and catheters, the opportunistic pathogen A.
baumannii is primarily associated with hospital-acquired
infections, responsible for up to 2%-10% of all Gram-negative
infections in the United States and Europe (Costa et al., 2006;
Fournier et al., 2006). It is particularly common to find A.
baumannii in ICU patients with susceptible immune systems
and those who required endotracheal intubation or
tracheostomy and invasive equipment such as catheters. Once
infected, patients may develop a variety of diseases including
pneumonia, meningitis, septicemia, and urinary and respiratory
tract infections in spite of the fact that infection of A. baumannii
is less common than colonization, and ventilator-associated
pneumonia (VAP) and bloodstream infections have been
reported to have high morbidity and mortality (Scerpella et al.,
1995). In our study, most of the susceptibility tests demonstrated
pan-antibiotic resistance in carbapenem-resistant A. baumannii.
Similarly, K. pneumoniae is also an opportunistic pathogen,
which has been implicated as one of the most common causes
of hospital- and community-acquired infections involving
urinary tract infections, pneumonia, and intraabdominal
infections and has developed resistance against many common
antibiotics, including tigecycline and carbapenem (Zhang et al.,
2016). K. pneumoniae is becoming one of the top 8 pathogens in
hospitals all around the world due to antibiotic resistance.
According to the data from chinets.com, K. pneumoniae is the
most common pathogen detected in respiratory specimens and is
the second most common bacterium among all isolated strains
(CHINET 2021). Interestingly, there was only one Gram-positive
bacterium among the 6 most common bacteria identified by
DNA sequencing, i.e., S. aureus. This bacterium is genetically
close to its methicillin-resistant strain methicillin-resistant S.
aureus (MRSA). Thus, the differentiation between these two
strains could not be resolved by mNGS alone due to the
limited genetic resources of S. aureus but relied more on
antimicrobial susceptibility testing. S. aureus is among the
most common hospital-acquired pathogens, which can cause
bacteremia, pneumonia, and meningitis (Okwu et al., 2019).
Compared with the abovementioned bacterial species, P.
aeruginosa seems to be the “ubiquitous” one since it can live in
both inanimate and human environments. This bacterial species
tends to cause infections that are especially difficult to treat with
its ability to form antibiotic-resistant biofilms. For example, VAP
caused by P. aeruginosa is associated with attributable mortality
rates of 40%, higher than the corresponding rates for most other

causes of VAP (Hauser, 2008). The Centers for Disease Control
and Prevention (CDC) has estimated the overall prevalence of P.
aeruginosa infections in US hospitals at approximately 4 per
1,000 discharged patients (0.4%). P. aeruginosa accounts for
10.1% of all hospital-acquired infections, and it is the fourth
most commonly isolated nosocomial pathogen. Based on the
data from chinets.com, P. aeruginosa is the third most common
pathogen detected in respiratory specimens and is the fifth most
common bacterium among all isolated strains (CHINET 2021),
similar to our results. Like other bacterial species, S. maltophilia
is also an opportunistic pathogen causing an increasing number
of nosocomial infections, especially in patients who are
immunocompromised or those who require ventilatory
support. Correspondingly, S. maltophilia was only found in
ICU patients in this study.

For fungi identified by mNGS, the most abundant species was
C. albicans, an opportunistic fungal pathogen that is responsible
for candidiasis in human hosts. Typically, C. albicans resides as a
harmless commensal in the gastrointestinal and genitourinary
tract, found in over 70% of the population. Overgrowth of these
organisms, however, will lead to disease, and it usually occurs in
immunocompromised individuals, such as HIV-infected victims,
transplant recipients, chemotherapy patients, and low-birth-
weight babies (Kabir et al., 2012). Nevertheless, in this study,
no differences were observed in C. albicans and other fungi
between the ICU and non-ICU groups.

By DNA sequencing, mNGS uncovered the top 5 viruses in
sputum: TTV, EBV, HHV-7, HSV-1, and CMV. TTV was the
first Anellovirus with a circular single-stranded DNA genome
identified in humans. Anelloviruses are very ubiquitous,
representing about 70% of the viruses found within human
blood and tissues (Freer et al., 2018). These viruses are
associated with immune suppression and diseases that
correlate with immune suppression, such as hepatitis, cancer,
and autoimmune diseases (Blatter et al, 2018). The genetic
variability and constant evolution of TTV contribute to its
adaptation to new environments, and it may have been a part
of humans. Whether or not TTV is pathogenic has yet to be
discerned, but to date, there is little evidence for direct
pathogenesis. EBV, formally called Human gammaherpesvirus
4, is a member of the Lymphocryptovirus genus, which belongs to
the Gammaherpesvirinae subfamily of the Herpesviridae family.
EBV-associated cancers consist of up to 15% of all human
cancers involving a virus infection, but so far, there is limited
progress in antivirals to deal with EBV infection (Amon and
Farrell, 2005). HHV-7 is classified under the Roseolovirus genus
of the Betaherpesvirinae subfamily, which can cause roseola
infantum, a common disease of childhood developed by
primary infection with HHV-6 and less frequently by HHV-7.
After a primary infection, HHV-7 establishes a latent state
and can be reactivated later, especially in hosts who are
immunocompromised or with solid organ transplantation
(Caserta et al., 1998). Likewise, immunocompromised patients
are at an increased risk of developing severe HSV-1 infection,
which may lead to extensive cutaneous or mucosal necrosis and
even esophagitis or proctitis when the adjacent tissue is involved.
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HSV-1 can also lead to meningoencephalitis, pneumonia,
hepatitis, and coagulation dysfunction (Berrington et al., 2009).
The above four viruses had been detected in large quantities, but
there were no differences between the ICU and non-ICU groups.
Among the 5 most abundant DNA viruses, CMV was the only
one showing a significant difference between groups. CMV is a
common virus affecting ~50%-80% of the general adult
population. In most cases, infected people are unaware of their
infection since this virus is typically dormant in healthy
individuals. CMV infection is also the most common viral
infection among transplant patients, occurring in ~20%-60%
of this cohort, and it can remain latent in multiple organs and
even in bone marrow (Traylen et al., 2011). In
immunosuppressed or post-transplant patients, CMV can lead
to severe infections such as mixed bacterial/fungal pneumonia,
retinitis, or even death.

By RNA sequencing, mNGS confirmed the presence of
various RNA viruses in the sputum samples, including Human
respiratory syncytial virus (RSV) B and A; Rhinovirus (RV) A, B,
and C; Human metapneumovirus (HMPV); and Human
Coronavirus (HCoV) HKUI1, 229E, and NL63. However, all
these RNA viruses did not show any significant differences
between the ICU and non-ICU patients. RSV consists of two
major subtypes, A and B. Subtype B is characterized as the
asymptomatic strain, while subtype A is a major cause of more
severe disease (Oliveira et al., 2008). RSV is considered the
leading cause of lower respiratory tract infections characterized
by bronchiolitis and pneumonia mainly in children, the elderly,
and immunocompromised individuals. The severity of RSV
infection is very diverse, ranging from mild cold symptoms to
severe and life-threatening outcomes. For RV, it is best known
for causing the common cold, although it has also been
implicated in other clinical conditions such as bronchitis and
asthma attacks. RV could very often be responsible for mild cold
symptoms, including fever, cough, and runny nose (Cox and Le
Souef, 2014). Along with RSV, HMPV is categorized into the
Paramyxoviridae family, which can cause upper and lower
respiratory infections in people of all ages, especially among
young children, older adults, and immunocompromised
individuals (Schildgen et al., 2011). Children under the age of
five suffer more from pneumonitis and bronchiolitis, adults over
the age of sixty-five tend to suffer from bronchitis and
pneumonitis, and individuals with weakened immune systems
suffer most from pneumonitis (Boivin et al., 2002). For HCoV-
HKU1, HCoV-229E, and HCoV-NL63, these human
coronaviruses are distributed globally among the human
population. By spreading via coughing and sneezing, these
viral strains generally cause mild upper respiratory tract
diseases in adults but sometimes may cause life-threatening
bronchiolitis and pneumonia in young children, the elderly,
and immunocompromised individuals (Cabeca et al., 2013;
Jain et al., 2015).

Overall, this study demonstrated the superiority of mNGS
over culture in detecting all kinds of pathogen species in sputum
samples, including bacteria, fungi, and viruses. Compared with
sputum culture, mNGS showed a much higher value in the

positive rate of pathogen detection, with the ability to identify up
to 13 pathogens in one sample. Generally, the number of
pathogen species detected by mNGS in each ICU patient was
much higher than that in each non-ICU patient. These results
indicate that mNGS may serve as a valuable tool to identify
pathogens, especially for ICU patients who are more susceptible
to mixed infections. Since RNA sequencing can detect not only
RNA viruses but also the metabolic and replication activities of
other pathogens, with the advancement of mNGS technology
and the decline in detection costs, we can routinely perform RNA
detection of sputum or BALF in the future.

Nonetheless, it should be noted that there were several
limitations in this study. Due to the limited study funding, the
number of patients in this study is relatively limited, and a
larger sample size will be needed in the future for further
validation. For mNGS, its performance in RNA virus detection
among ICU patients might be compromised due to the lack of
10 RNA sequencing results. For the traditional method, it did
not include the results of viral testing, since only a small
proportion of patients had undergone traditional viral
testing. In addition, it took nearly 15 days for all these
samples to get tested and analyzed, and all mNGS results
were not notified to clinicians to guide clinical treatment.
Although mNGS has excellent pathogen detection ability,
some questions are still inconclusive, such as which
pathogens need targeted treatment, how to distinguish
between infection and colonization, and whether the
detected viruses need targeted antiviral treatment.

Given that infection is one of the leading causes of death in
ICU patients, how to correctly interpret the results of the mNGS
test, and how to avoid the abuse of antibiotics while choosing an
anti-infective regimen, we need more large-scale research to
solve these problems.
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