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Background: Metagenomic next-generation sequencing (mNGS) has been widely studied, due to its ability of detecting all the
microbial genetic information unbiasedly in a sample at one time and not relying on traditional culture. However, the application of
mNGS in the diagnosis of clinical pathogens remains challenging.

Methods: From December 2019 to March 2021, 134 specimens including Broncho alveolar lavage fluid (BAFL), blood, sputum,
cerebrospinal fluid (CSF), bile, pleural fluid, pus, were continuously collected in The First Hospital of Qinhuangdao, and their
retrospective diagnoses were classified into infectious disease (128, 95.5%) and noninfectious disease (6, 4.5%). The pathogen-
detection performance of mNGS was compared with conventional microbiological tests (CMT) and culture method. In addition,
the antibiotic resistance genes (ARGs) and evolutionary relationship of common drug-resistant 4. baumannii were also analyzed.
Results: Compared with CMT and culture methods, mNGS showed higher sensitivity in pathogen detection (74.2% vs 57.8%; P < 0.001
and 66.3% vs 31.7%; P < 0.001, respectively). Importantly, for cases that mNGS-positive only, 18 (35%) cases result in diagnosis
modification, and 7 (23%) cases confirmed the clinical diagnosis. In 17 cases that A. baumannii were both detected in mNGS and culture,
ade genes were the most frequently detected ARGs (from 13 cases), followed by sul2 and APH(3”)-Ib (both from 12 cases). High
consistency was observed among these ARGs and the related phenotype (100% for ade genes, 91.6% for sul2 and APH(3)-Ib).
A. baumannii strains were classified into three groups, and most were well-clustered. It suggested those strains may be the epidemic strains.
Conclusion: In our study, mNGS had a higher sensitivity than CMT and culture method. And the result of ARGs frequency and
cluster analysis of A. baumannii was of great significance to the anti-infective therapy.
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Introduction

Infection is one of the main causes of death in critically ill patients. With the emergence of new pathogenic microorgan-
isms, increasing number of drug-resistant pathogens and immunosuppressive hosts, the incidence and mortality rate of
infectious diseases remain high.'

The traditional pathogen detection technology is mainly based on microbial culture which depends on the vitality of
pathogens and media type, incubation temperature, oxygen levels, etc. The results of traditional culture method indicated
that only 38% of patients with community-acquired pneumonia can be diagnosed by traditional detection method.*
Serological detection technology based on antigen or antibody is fast and easy to operate, but prior knowledge is
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necessary, while the detection sensitivity and specificity are also limited.> With the development of molecular biology
technology, nucleic acid detection has become the mainstream development trend of pathogen detection. It gets rid of the
dependence of traditional detection on pathogen isolation and culture, and significantly improves the sensitivity of
pathogen detection. In recent years, with the development and application of high-throughput sequencing technology in
pathogen detection, mNGS has shown significant advantages compared to other detection methods.®’

However, the etiological diagnosis of clinical infection remains challenging.® '° Whether the detection results reflect
the real infection status of patient needs to be combined with the clinical situation for comprehensive evaluation since
mNGS only detects nucleic acids (including DNA and RNA) in samples. In order to establish the standard of clinical
application and interpretation of these results, the efficacy of mNGS in the diagnosis of pathogens in clinical infectious
diseases still needs more comprehensive studies. On the other hand, there is still little research on the consistency
between antibiotic resistance genes (ARGs) detection and clinical practice. However, this consistency may play an
important role when the results of routine culture-based antibiotic susceptibility test (AST) cannot be obtained.

Thus, to evaluate the pathogen- and ARGs-detecting performance of mNGS in infectious diseases, we retrospectively
analyzed the detection results of mNGS and conventional microbiological tests (CMT) in 134 cases of infectious clinical
specimens, for 4. baumannii that detected by mNGS and traditional culture methods, the strain cluster analysis was
carried out trying to obtain the dominant strains.

Materials and Methods
Study Patients

The comparative study between mNGS and traditional methodology is described in Figure 1. From December 2019 to
March 2021, we reviewed 152 cases suspected of acute or chronic infection from respiratory and critical care medicine
department, pneumology department, intensive care unit and department of hematopathology at The
First Hospital of Qinhuangdao, China. Based on our inclusion/exclusion criteria, 134 samples were included for analysis.
To study the sensitivity and specificity of pathogen detection methods, the 134 samples were categorized into 2 groups
defined as infectious disease (ID) and noninfectious disease (NID) by clinicians according to the criteria of infection
shown in Table S1. Specimens were analyzed by mNGS assay (Biotecan, China) as well as conventional microbiological
testing (CMT) in a pairwise manner. The CMT used in this study were presented in Table S1, and they included blood
culture, serological test, molecular diagnostic test, antigen detection and direct sputum smear method. ARGs were
analyzed for specimens that 4. baumannii been detected by both mNGS and CMTs.

Samples collected at The First Hospital of Qinhuangdao between December 2019 and
March 2021(Samples ,n=152)

bacterial strain (n=1)
Exclude | \NGs without paired Conventional Microbiological
» Tests(11)
lost to follow-up(n=3)
sample failing to pass quality control of mNGS (n=2)
ID(n=128) NID(n=6)

Figure | Flow chart of cases inclusion and exclusion.
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Metagenomic Next-Generation Sequencing and Analysis

In this research, nucleic acid detection and sequencing were performed based on NextSeq CN500 platform of Illumina
(Illumina, Inc.). The experimental process is described in Figure 2. Patients with suspected infection were enrolled, and
samples of infection sites or peripheral blood samples were collected according to standard protocol. Blood samples no
less than SmL were collected by cell-free DNA storage tube (CW2815M, CWBIO) which was anticoagulant blood
collection vessels with Ethylene Diamine Tetraacetic Acid (EDTA) and special deoxyribonucleic acid (DNA) protective
agent as described in the instructions, and were stored and transported at room temperature. Each sample from Broncho
alveolar lavage fluid (BALF) or pleural fluid was at least 5 mL, and 1-3mL from sputum, cerebrospinal fluid (CSF) or
other body fluids was collected in a dry sterile tube for cryopreservation and transported in drikold. Since the collected
samples were suspected to be infectious, they were inactivated by 56°C water bath for 30 minutes before nucleic acid
extraction.''™'® Different types of samples underwent different pretreatment. For nucleic acid extraction, blood samples
were centrifuged at 1600 g for 10 minutes at 4°C to separate plasma. Then, transfer the plasma sample to new sterile
tubes and cell-free DNA was extracted using HiPure circulating DNA MIDI kit (D3182-03B, Magen). Sputum samples
were liquefied with 0.1% DTT at room temperature for 30 minutes. No pretreatment was required for BALF and other
types of samples (including CSF, Pleural Fluid). DNA was extracted using a HostZEROTM Microbial DNA Kit (D4310,
ZYMO RESEARCH) according to the protocol.

The commercial library preparation kit for Illumina sequencing system was used to prepare the library. Library was
constructed with Kapa hyper plus library preparation kit (kk8514, Kapa) according to the manufacturer’s protocol.
Agilent 2100 Bioanalyzer was used to analyze the length of the inserted fragments in the library, and qubit dsDNA HS
assay kit (Q32854, Thermo Fisher Scientific Inc.) was used to control the concentration of the library. Sequencing was
performed on NextSeq CN500 platform (Illumina). Each test included internal control, negative control and positive
control. Internal parameters were specific molecular tags placed in the sample before nucleic acid extraction to track the
whole process and control the quality of the workflow. No-template water as a negative control enabled the detection of
environment, reagent and cross-sample contamination. It might indicate a certain contamination when the negative
control failed, and the test would be repeated. The positive control in this study were real clinical samples verified to
contain known pathogens. If the targeted pathogens were not detected in positive controls, it could indicate there were
failures in the workflow of the wet lab pipeline or the dry lab pipeline.

A Wet lab pipeline B Dry lab pipeline

Nucleic acid extraction

Quality control

l ..ATCGTA...
BRI, RTA Human host subtraction 3
Reverse l
transcription Alignment to reference
l ifi database
cDNA ‘ l l
l (;/—‘« Species -0 )

Library construction identification RESESERRG SIS
ns . l +
Report generation [E=

-

Figure 2 Schematic of metagenomic next-generation sequencing and analysis. (A) The wet lab pipeline including nucleic acid extraction, library construction and sequencing.
(B) Dry lab pipeline including quality control, human host subtraction, alignment to reference database and report generation.
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Quality Control

Due to the high homology of microbial sequences, the length of reads should be more than 50 bp. Considering the
interference of human genome and the sensitivity of detection, the amount of effective sequencing data should not be less
than 20 million without removing the components of human genome.

Data Filtering

In order to obtain high-quality sequence data, bioinformatics analysis method was used to further filter the qualified data.
Fastp software (v0.23.1) is used to filter the original sequencing data to obtain high-quality sequencing data (clean data)
to ensure the follow-up analysis. The specific steps include removing adapter sequence from reads and filtering out low
complexity sequences. The processed effective data contain more than 90% of human hosts. In order to ensure the
effective microbial data, the reads is compared to the version of grch38.p12 of human genome, so as to filter out the
residual human source reads pollution which cannot be removed by experimental means, and only the microbial reads are
reserved for subsequent classification.

Sequences Alignment

Two software were used to identify species of microorganisms based on marker sequence or whole genome alignment.
According to the method provided by metaphlan2 software, the sequence information of the existing microbial database
(mpa_v20 m?200.fna) was analyzed to form a unique marker for each species, then the effective bacterial DNA reads were
compared with the species marker sequence to identify the pathogen species. At the same time, Kraken software was used to
customize the whole genome database of pathogenic microorganisms and classify pathogenic bacteria through whole genome
alignment. The genomic data of pathogenic microorganisms were obtained from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/

genbank/) and PATRIC (https://www.patricbrc.org/). According to the final pathogen alignment results, the parameters of all

detected pathogens were calculated, including alignment sequence number, relative abundance, genome coverage.

Analysis of Antibiotic Resistance Genes and Phylogenetic on A. baumannii

Since 4.baumannii was the bacterium most frequently detected by mNGS and CMT and in most cases had been found
antibiotic resistance by AST, samples in which A. baumannii was both detected by mNGS and CMT had been
analyzed for ARGs and phylogenetic tree. Based on the CARD (the Comprehensive Antimicrobial Resistance
Database), the sequences annotated to pathogenic microorganisms were aligned to the established drug resistance
gene database by blast (v 2.2.26). Only the sequences with similarity identity >90% and length more than 70 bp were
retained. According to the starting position of the comparison, the coverage of the drug-resistant gene was calculated.
The coverage >80% indicated that the drug-resistant gene was positive. Analysis of phylogenetic tree was based on the
full genome sequences of the 4. baumannii strains by RAXML (v2.0.1). The Codon Tree method selects single-copy
PATRIC PGFams and analyzes aligned proteins and coding DNA from single-copy genes using the program RAXML
(v2.0.1).

Criteria for a Positive mNGS Result

We established criteria for a potential mNGS result according to previous studies.'®

1. Bacteria (except mycobacteria), viruses and parasites: mNGS-found a microorganism (at the species level) with
a coverage rate scored 10-fold higher than any other microorganism.'

2. Fungi: mNGS-identified microorganism (species level) with a coverage scored 5-fold higher than any other
fungus.'®!”

3. Mycobacteria: Mycobacterium tuberculosis (MTB) was considered positive when at least one specific sequence
was mapped to the reference genome due to the difficulty of nucleic acid extraction and low possibility'® of
environmental contamination.'® Nontuberculous mycobacterium (NTM) which commonly found in the environ-

ment was defined as positive when its relative abundance of bacteria was in the top 10.
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Statistical Analysis

Comparative analysis was performed by Pearson y” test, Fisher exact test, or McNemar test for discrete variables.
Spss22.0 software was used for data analysis. P values less than 0.05 were considered significant and all tests were two-
tailed.

Results
Sample and Patient Characteristics

Demographic characteristics of patients are provided in Table 1. There were 87 males and 47 females with a median age
of 65 years old participated in our research. The majority (66/134, 49.25%) of the samples were BALF. The rest include
41 samples (30.60%) from Blood, 11 samples (8.21%) from sputum, 11 samples (8.21%) from CSF, 5 samples (3.73%)
from other types of samples including 2 from bile, and 2 samples from Pleural Fluid and 1 from pus (Table 2). In our
research cohort, 128 cases (95.5%) were diagnosed as infectious diseases (ID) by clinicians and were divided into ID
group, while 6 cases were diagnosed as non-infectious diseases (NID) by clinicians and were divided into NID group.
Most patients were diagnosed with respiratory tract infection (95/134, 70.9%), followed by bloodstream infection (10/
134, 7.5%), central nervous system infection (7/134, 5.2%) and intra-abdominal infection (6/134, 4.5%) as shown in

Figure 3.

Diagnostic Performance Comparison of mNGS and CMT

Comparison of the Diagnostic Performance of mNGS and CMT

The comparison of the diagnostic results of NGS with the CMT method for all 134 samples is shown in Figure 4A. The
positivity rates of mNGS and CMT method for the ID and NID groups are illustrated in Figure 3. In Chi square test, the
positive rates of mNGS and CMT were significantly different within ID group (70.9% vs 55.2%, P<0.01), but there was
no difference within NID group. The positive predictive value was 99%, and negative predictive value of mNGS was
13.2%. As expected, mNGS increased the sensitivity rate from 57.8% to 74.2% compared with CMT, while the
difference of specificity was not significant (83.3% vs 83.3%, P>0.05) (Figure 4B).

Table 1 Demographics Characteristics of Samples

Characteristic ID Group NID GROUP Cohort Overall
Sample amount, n (%) 128 (95.5%) 6 (4.5%) 134 (100%)
Gender, male 82 5 87

Age, year: median [range] 64.5 (18-91) 65.5 (51-69) 65 (18-91)

Abbreviations: ID, infectious diseases; NID, noninfectious diseases.

Table 2 Distribution of Sample Types

Sample Type Number
BALF 66 (49.25%)
Blood 41 (30.60%)
Sputum 11 (821%)
CSF 11 (821%)
Bile 2 (1.49%)
Pleural Fluid 2 (1.49%)
Pus 1 (0.75%)

Abbreviations: BALF, bronchoalveolar lavage
fluid; CSF, cerebrospinal fluid.
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Retrospective Dx of all cases

ID Lower Respiratory System Infection
ID Bloodstream Infection

= |D Central Nervous System Infection

= D Intraabdominal Infection

m |D Multifocal Infection

\\

= |D Fever of unknown origin

m |D Skin and soft Tissue Infection

Figure 3 Distribution of the infectious diseases of clinical specimens. The pie chart demonstrated the cause of the retrospective diagnosis in ID (95.5%) and NID (4.5%)
groups. Lower respiratory tract infection accounted for 70.9% of cases in ID groups, followed by bloodstream infection (7.5%), central nervous system infections (5.2%),
intra-abdominal infection (4.5%) multifocal infections (3.9%), fever of unknown origin (3.1%), and skin and soft tissue infections (0.8%).

Abbreviations: ID, infectious disease; NID, noninfectious disease; BALF, bronchoalveolar lavage fluid; CSF, cerebrospinal fluid; Dx, diagnosis.

Concordance Between mNGS and CMT for Pathogen Detection

In our results, mNGS and CMT were both positive in 65 of 134 (48.5%) cases and were both negative in 28 of 134
(20.9%) cases. Thirty-one cases were only positive in mNGS (23.1%), and 10 cases were only positive in CMT (7.5%)
(Figure 4C). Total 65 cases were both positive in mNGS and CMT, 22 of 65 cases were completely matched (pathogens
completely overlapped between mNGS and CMT) and 19 cases were totally mismatched (no pathogens overlapped
between mNGS and CMT), the remaining 24 cases were partially matched (at least one microorganism was overlapped
between mNGS and CMT). For cases only positive in mNGS, 11 (35%) cases result in diagnosis modification, and 7
(23%) cases confirmed the clinical diagnosis (Figure 4D).

“False Positives” and “False Negatives” of mNGS

In the ID group, up to 27 pathogens detected by CMT were lost in mNGS. Among these “mNGS false-negative” cases,
19 CMT results were paradoxical with clinical diagnosis, and 4 were detected by mNGS without meeting the positive
criteria, while the other 4 were completely unidentified by mNGS. For the only one case of “mNGS false-positive” in the
NID group, the possible explanation could be the micro-colonization of virus in blood (Table 3).

Diagnostic Performance Comparison of mNGS and Culture

For the 104 cases tested by both culture and mNGS, mNGS had higher sensitivity than culture method, as shown in
Figure 5A. Compared with culture, mNGS increased the overall sensitivity by 34.6% (66.3% vs 31.7%). In the BALF
and blood samples, mNGS detection had significantly higher sensitivity than the culture method (P = 0.034 for BALF,
P < 0.01 for blood). The positive rate of BALF was higher than blood samples in both mNGS and traditional culture
method (71.8% vs 58.9% of BALF, 41.0% vs 10.2% of blood). The high concordance between mNGS and culture for
pathogen detection of BALF is shown in Figure 5B. To be specific, in 16 double-positive cases of mMGS and culture,
only one case was mismatch, while 10 cases of 16 were total match.

Comparison Analysis at the Pathogen-Type Level

In the 106 positive cases in mNGS or CMT, 40 kinds of suspected pathogenic microorganism were detected (Figure 6).
The most commonly detected bacterium was Acinetobacter baumannii (26/106), followed by Klebsiella pneumonia (20/
106) and Pseudomonas aeruginosa (11/106). For fungi, Candida albicans was the most commonly detected pathogen
(17/106), followed by Preumocystis jirovecii (8/106) and Aspergillus fumigatus (4/106). Human herpesvirus 4 was the
most commonly detected virus (14/106). The proportion of mNGS-positive samples was significantly higher than CMT-
positive samples in terms of MTB, NTM, virus, and fungus, especially NTM such as Mycobacterium abscessus and
Mycobacterium chelonae. Fungus such as Pneumocystis jirovecii and Aspergillus fumigatus were mNGS-positive only.
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D NID B
p-value=2.985e-07 NS D NID
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NPV 13.2%
ID NID
504 cmt  positive 74
negative 54 5
Sensitivity  57.8%
Specificity  83.3%
PPV 98.7%
NPV 8.5%
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Dx and mNGS
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Figure 4 Diagnostic performance comparison of mMNGS and CMT. (A) Positive and negative samples (y-axis) for pairwise mNGS and CMT is plotted against ID, NID group
(x-axis). (B) Contingency tables showed the sensitivity and specificity of mMNGS and CMT respectively. mNGS increased the sensitivity in comparison with that of culture (P <
0.001) while there were no differences in specificity between them (P > 0.05). (C) Pie chart demonstrated the positivity distribution of mMNGS and CMT results from two
groups. For the double-positive subset, a proportion of complete matching (22/65) and partial matching (at least | pathogen identified in the test was confirmed by the
other) (24/65) was observed, with 19 conflicts between mNGS and CMT. (D) For microbes only identified in mNGS, the primary empirical diagnosis was confirmed (23%)
or modified (35%) according to mNGS, whereas 13% of the samples were considered unreliable (diagnosis unsupported) and 29% were uncertain.

Abbreviations: CMT, conventional microbiological tests. NPV, negative predictive values; PPV, positive predictive values; NS, not significant; ID, infectious disease; NID,
noninfectious disease; e mMNGS+, positive only by mNGS; double+ match, both positive by CMT and mNGS and pathogens completely overlapped; double+ mismatch, both
positive by CMT and mNGS and no pathogens overlapped; double+ partly, both positive by CMT and mNGS and partly microorganism was overlapped.

For cases that virus were detected, most cases (33/36) were mNGS-positive only, except one case of Human herpesvirus
4 was positive in both two methods, and two cases of Human herpesvirus 4 or Human herpesvirus 5 was CMT-positive
only, showing “false positive” by mNGS but explained as clinically unsupported microbes.

Comparison Analysis of Drug Resistant Bacteria

A. baumannii was the most commonly detected bacteria in our study shown in Figure 6. For the 17 cases that
A. baumannii both detected in mNGS and CMT we performed ARGs analysis since 4. baumannii often showed multiple
drug resistance clinically. A total of 33 ARGs were detected in 14 cases (Figure 7) and 3 cases did not detect ARGs
(Table 4), detail result of ARGs was shown in Table S2 Resistance-nodulation-cell division (RND) antibiotic efflux pump
gene (ade genes) were detected in 13 of 14 cases and adelL was the most frequent ARG detected (13 cases of 14,
detection frequency was 92.8%), followed by adeG, adel, adeH, adeM, adeN (12 cases of 14, detection frequency was
85.7%) and adeF, adeC, adeK, adeS (12 cases of 14, detection frequency was 78.5%). Besides, sul2 and APH(3”)-Ib both
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Table 3 “False Positive” and “False Negative”Results of mNGS

Pathogens detected only by mNGS in NID Group

Sample No. Specimen source | Diagnosis mNGS Result Possible Explanation
S86 Blood Food poisoning Human herpesvirus 7 | Colonization
CMT pathogens Missed by mNGS in the ID Group
Possible Explanation
Microbe Count Clinically Unsupported Microbes | ‘“Week” Positive Not Detected
Candida 8 7 0 |
A. baumannii 6 4 | |
E. coli 3 | | |
K. pneumoniae 3 | | |
L. pneumophila 2 2 0 0
E. cloacae | | 0 0
S. aureus | 0 | 0
P. aeruginosa | | 0 0
Human herpesvirus 4 | | 0 0
Human herpesvirus 5 | | 0 0
Total 27 19 4 4

Abbreviations: mNGS, metagenomic next-generation sequencing; ID, infectious disease; NID, noninfectious disease; CMT, conventional microbiological tests.

showed high detection frequency. There was a high consistency between these ARGs and phenotypes (Table 4). In
addition, AST was also conducted in other 16 cases except for S26 (Table 4). It was observed that 11 of 12 cases that
detected sul 2 resistance gene showed resistance of sulfonamides, and resistance of aminoglycosides was detected in 11
cases contained APH(3”)-Ib resistance gene. All the 12 ade-positive cases showed multidrug resistance.

Besides that, we selected the dominant strains of A. baumannii in each of 17 cases by evolutionary analysis, the result
showed that 17 strains of A. baumannii were mainly classified into three groups (Figure 8). There were 15 cases of 17
clustered in group B or group C, furthermore, strain XH731 (7 cases of 17, 41.18%) and strain AB07 (5 cases of 17,
29.41%) were dominant strains between all 4. baumannii strains analyzed.

Discussion

Rapid and accurate microbial identification technology is always the focus of clinical microbiology. Traditional microbial
test, such as morphology, culture, antigen antibody and targeted nucleic acid detection, has limitations in sensitivity,
specificity, timeliness, information content, and unable to quickly identify unknown or rare pathogens. Since mNGS can
analyze all the microorganisms in the infected samples of patients, it has been widely used in the etiological detection of
acute and critical patients.” In this study, 134 suspected infection samples were collected, including BALF, sputum,
blood, CSF and pleural fluid, bile, etc. We compared the clinical characteristics and the detection results of mNGS with
traditional methods. In addition, for cases that A. baumannii were detected both by mNGS and CMT, we analyzed the
ARGs and evolutionary relationship of common drug-resistant A. baumannii, expecting to study the ARGs and dominant
strains of 4. baumannii.

Compared with the CMT and culture methods, mNGS showed higher sensitivity in pathogen detection (74.2% vs
57.8%, and 66.3% vs 31.7%, respectively), which is consistent with the previous research results.'**' Because of the
small sample size in NID group, there was no statistical difference between the specificity of mNGS and traditional
methods. In different sample types, mNGS showed different positive rates. Due to the fact that respiratory tract was

2223 more microbial

a complex organ system that was inhabited by niche-specific communities of microorganisms,
sequences and higher positive rate were detected in respiratory tract samples such as BALF and sputum than blood and

CSF, however, communities of microorganisms also made it more difficult to explain the results of respiratory tract
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A Comparison of mNGS and Culture
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Figure 5 The positivity rate between mNGS and culture for different sample types. (A) Compared with the culture, mNGS increased the overall sensitivity by 34.6% (66.3%
vs 31.7%). In cases of BALF and blood samples, mMNGS detection had significantly higher sensitivity than the culture method (P = 0.034 for BALF, P < 0.0l for blood). (B) In all
the 39 cases of BALF sample performed both mNGS and culture, high concordance for pathogen detection of BALF was shown in |6 double-positive cases of mMGS and
culture. Only one case of mismatch was observed (2.6%), while 10 cases were total matched (25.6%).

samples. Hence, more research is needed to further distinguish pathogens infection or communities of microorganisms
colonization in mNGS results. The positivity criteria in our study might lead to lower sensitivity, there were 27 cases of
false-negative by mNGS, while 19 of 27 CMT results were paradoxical with clinical diagnosis, and 4 of 27 “false-
negative” microbes were detected by mNGS but discarded because of failing to meet the criteria. Based on the
comprehensive analysis of clinical diagnosis and the original sequence number of microbes, finally only 4 cases were
real “false-negative” that pathogens did not been detected by mNGS.

In our study, mNGS shows higher sensitivity than traditional methods in pathogen detection of fungi, viruses, and
mycobacteria, which is consistent with the results of previous studies.'*** Clinical detection of fungal infection mainly
relies on conventional microscopy or traditional culture method. However, the diagnosis is often delayed or missed due
to the tedious detection process, long fungal culture cycle and other reasons, leading to the aggravation of infection and
even endangering the life of patients. The characteristics of high efficiency, high speed, and high accuracy of mNGS
make it an effective supplement to traditional fungal detection methods.” In recent years, the incidence of NTM is
increasing rapidly, and it has become one of the important public health problems threatening human health.?*” With the
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Figure 6 The overlap of positivity in pathogen between mNGS and culture. A total of 40 different pathogens were detected in the infectious disease group with their
corresponding frequencies plotted in histograms. The proportion of mMNGS positive samples was significantly higher than that of CMT positive samples in terms of MTB,
NTM, virus, and fungus (P < 0.05).

increasing popularity of NGS technology and the reduction of cost, it will play an increasingly important role in the
diagnosis of NTM disease.?®° Virus is a common pathogen of acute respiratory tract infection and central nervous
system infection, which has a wide variety and variability that can cause the outbreak of infectious diseases.’*' In our
results, mNGS showed obvious advantages over CMT methods for virus detection, most virus were detected by mNGS
only. Consistent with the results of previous studies, the application of mNGS improves the sensitivity of virus
detection.*> While, with the increasing application of mNGS, many studies have found that there may be a small amount
of virus colonization in the blood, such as Torque teno virus (TTV), Epstein-Barr virus (EBV) also called Human
herpesvirus 4, Cytomegalovirus (CMV) also called Human herpesvirus 5, Human herpesvirus 7, which may be related to
the host’s immune status rather than causing infection. > So that, the one case of “mNGS false-positive” in the NID
group Human herpesvirus 7 detected in our study was explained might be the micro-colonization of virus in blood.*®
Timely and effective drug treatment is very important to resist infection. Traditional method AST was used to screen
suitable anti-infective drugs. However, this method not only time-consuming, but also unable to detect the drug
sensitivity of un-cultural microorganism.>’ In this study, we explored the possible application value of mNGS technology
based on shotgun sequencing in the detection of ARGs from clinical specimens. The results showed that ARGs we
detected were highly consistent with the drug resistance phenotype of 4. baumannii. This finding suggested that the
detection of ARGs by mNGS method can predict drug resistance, which may help clinicians choose sensitive antibiotics.
However, it should be noted that the low genome coverage of drug-resistant bacteria detected by mNGS would affect the
detection of ARGs, resulting in false negative. To be specific, in our results, we found that the genome coverage of
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Figure 7 Frequency of ARGs detected from 17 cases that A. baumannii was both positive in mMNGS and CMT. A total of 33 antiARGs were detected in 14 cases except 3
negative cases; of which adelL, sul2, and APH(3")-lb showed high detection frequency (13/14).

A. baumannii in 3 cases was less than 2.4%, and the ARGs could not be detected, thus leading to false negative. As
predominantly causes of infections,*® 4. baumannii strains detected in our study were classified into three groups, and
most cases were well clustered. The data of this study with small size of samples suggested that strains of 4. baumannii
may have high infection rate. The result of ARGs frequency and cluster analysis would be helpful to the control
infections caused by 4. baumannii.

There were some limitations in this study. Firstly, the sample size was relatively small and diagnosis was unbalanced
in ID and NID groups based on a single-center retrospective study. Secondly, due to the lack of standards for interpreting
mNGS results, the criteria for the positive mNGS result in this study referenced to previous researches might not be the
best one, which would lead false positive or false negative. In the future, more prospective and multicenter studies with
large samples size would be conducted, and the interpretation criteria of mNGS results would be further studied. Thirdly,
it is difficult to accurately distinguish from which bacteria that the ARGs were detected in the samples based on mNGS
dataset. However, among these samples, A. baumannii was the main dominant bacteria, other bacteria were not detected
or the number of detected reads was small. It was indirectly supported by the fact that the ARGs detected were probably
carried by A. baumannii. This is also a limitation of ARG analysis by mNGS-based shotgun sequencing in our study,
further study about this is needed in future research. Finally, our mNGS tests were delivered to the centralized laboratory
rather than an in-house microbiology laboratory, which may sacrifice sensitivity rate because of reduced viability due to
increased turnaround time from bedside to bench. Antibiotic usage might also infect detection of pathogens in this study,
and we will include these factors in our future studies.

Conclusions

In summary, mNGS had a higher sensitivity than CMT and culture method. In the BALF and blood samples, it showed
a trend of higher sensitivity of fungi, viruses and NTM. The ARGs detected by mNGS may guide the usages of
antibiotics in case of the genome coverage of A. baumannii no less than 2.4%. Through evolutionary analysis, the
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Table 4 Resistance Genes Found by mNGS in Relation to Pathogens

Sample Covered Percent Numbers of ARGs Resistance of AST
of Ab (%) ARGs K . K K
ade | sul_2 APH armA | Multidrug | Sulfonamides | Aminoglycosides
(3”)-b

S2 38.66% 20 + + + + R R R
S130 80.47% 25 + + + + R R R
S39 78.80% 21 + + + + R R R
S32 50.25% 20 + + + + R R R
S62 48.95% 21 + + + + R R R
S134 34.24% 20 + + + + R R R
S63 32.18% 19 + + + + R S R
S3 26.06% 16 + + - - R R R
S66 17.01% 20 + + + + R R R
S26 11.56% 25 + + + + NULL NULL NULL
S20 9.23% 17 + - + + R R R
S69 4.08% 10 + + + + R R R
S40 3.23% 4 + + - R R R
S44 2.40% 0 - - - - R S S
S4 1.08% 0 - - - - R R S
S64 1.03% 6 - + + - R R S
S65 1.03% 0 - - - - R R R

Abbreviations: Ab, Acinetobacter baumannii; ARGs, resistance genes; AST, antibiotic susceptibility test; NULL, no data; R, resistance; S, sensitive; +, detected; -, undetected.

clustering results of 4. baumannii strains may suggest the dominant strains of infection. Therefore, based on the above
findings and other advantages of mNGS, such as short time-consuming for diagnosis of the pathogen, not affected by
previous antibiotic exposure and so on, we suggest that mNGS should be used more often in early diagnosis of pathogen.
In the absence of the results of antibiotic susceptibility test, the detection of ARGs by mNGS has a certain guiding
significance for the usage of antibiotics. However, the interpretation of mNGS results is still a challenge for clinicians to

guide the clinical treatment of infectious diseases.
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Figure 8 Evolutionary analysis of A. baumannii strains both positive in mMNGS and CMT. Among the |7 cases, |5 were clustered in group B or group C, strain XH731 (7
cases of 17, 41.18%) and ABO7 (5 cases of 17, 29.41%) were dominant strains.
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