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Background: Next-generation sequencing (NGS) is a comprehensive approach for sequence-based 
identification of pathogens. However, reports on the use of NGS in patients with immunosuppression are 
scarce, especially in subjects with negative microbiological results. 
Methods: In this study, NGS was performed on samples obtained from 108 anonymized patients with 
suspected infection undergoing immunosuppressive corticosteroid therapy. A panel of conventional 
microbiological tests (CMT) was performed in parallel with NGS. 
Results: Of these 108 subjects, 36 were diagnosed with infections by clinical and microbiological criteria 
(Group I), 41 were exclusively diagnosed clinically (Group II), and 31 exhibited no evidence of infection 
(Group III). In Group I, NGS was concordant with CMT results from 29 patients (80.6%). A total of 
4 samples had positive NGS results in Group III. NGS showed a sensitivity of 80.6% (95% CI, 64.7% 
to 90.6%) and specificity of 87.1% (95% CI, 70.5% to 95.5%). NGS also played an important role in 
optimizing antibiotic regimens in patients with negative results for CMT (Group II). The treatment success 
rate (TSR) of patients using NGS-guided antibiotic regimens (81.8%, 18/22) was significantly higher than 
that of patients using empirical antibiotics (52.6%, 10/19) (P<0.0001). NGS results were not affected by the 
degree of immunosuppression. 
Conclusions: NGS of clinical samples from immunosuppressed patients demonstrated promising 
diagnostic potential in identifying clinically relevant pathogens. Consequently NGS stands to become a 
standard tool for infection detection and control, providing valuable information to optimize antibiotic 
therapy in immunosuppressed patients.
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Introduction

Immunocompromised hosts have an increased susceptibility 
to infections for a wide variety of reasons, the primary 
of which is the compromised status of immune system 

components that contribute to host defense against infection. 

Including the integrated system of physical barriers as well 

as innate and adaptive immunity (1). In clinical settings, 

secondary immunodeficiency diseases are more common 
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than primary ones, as the former develop mostly as the result 
of a specific condition that is treatment-related. The most 
common of these treatments is the therapeutic application 
of glucocorticoids for a variety of diseases due to their 
anti-inflammatory and immunosuppressive properties (2). 
Glucocorticoid use increases the risk of systemic infection in 
a dose-dependent manner (3). 

After infection in immunosuppressed patients, both 
inaccurate and insufficient therapeutic coverage can lead to 
increased risk of side effects and decreased quality of life (3);  
therefore, timely and accurate microbial identification is 
critical. Smear microscopy and culture are still the most 
commonly used microbiological methods to identify 
pathogens in clinical settings; however, both methods 
are relatively insensitive and pathogen culture is time-
consuming (4,5). Histopathological diagnosis is the gold 
standard for several kinds of infection including invasive 
fungal infections. However, it also requires substantial time 
and is not pathogen-specific. Other diagnostic methods 
including nucleic acid amplification tests (NAAT), serologic 
tests, and immunological diagnostic tests have yielded 
potential diagnostic value. However, these methods are 
either invasive or restricted to detecting a limited number 
of suspected microorganisms (6,7). Therefore, rapid 
microbiological diagnosis of infections is urgently needed to 
facilitate the timely application of antimicrobial therapy.

In recent decades, next-generation sequencing (NGS) 
has been improving constantly, entering clinical practice 
to provide a powerful tool applied across medical settings 
with spectacular success (4,8). Compared to culture-based 
methods, NGS offers advantages including short turn-
around-time and unbiased quantitative or semi-quantitative 
analysis (9-13). In addition to these specific benefits, multiple 
agents across the full microbial spectrum contributing to 
disease can be simultaneously detected by NGS, as along with 
the identification of nonculturable microbes (8). Recent work 
has highlighted the current interest in using NGS for the 
identification of pathogens in the diagnosis of several kinds 
of diseases including respiratory (13,14), urinary tract (15),  
central nervous system (CNS) (16), bloodstream (17), 
and periprosthetic joint infections (12). However, reports 
on the use of NGS in immunosuppressed hosts remain 
scarce—especially in subjects with negative results from 
conventional microbiological methods. Clinical experience 
with application of NGS is still relatively limited. Due to 
the unique characteristics and overall severity of infections 
in immunosuppressed patients, the evaluation of rapid and 
accurate diagnostic methods is of the utmost urgency. This 

study aims to determine whether NGS technology can 
meet this need, by assessing its ability to detect pathogens 
in febrile immunosuppressed patients and examining its 
correspondence with conventional clinical microbiological 
tests.

Methods

Study design 

In this study, we prospectively recruited immunosuppressed 
patients with suspected infections admitted to Huashan 
Hospital in Shanghai, China. Subjects were enrolled 
sequentially between March 25, 2017, and April 14, 2018, 
within the first 72 h of a suspected infection. All of the 
immunocompromised subjects received corticosteroids 
as treatment for rheumatic or autoimmune diseases, 
drug allergies, etc. (Table 1). Infections were suspected in 
these patients due to symptoms including fever, cough, 
weakness, and flushed appearance. The enrollment criteria 
are listed in Table S1; 9 patients had been exclude due 
to previous evidence of pathogenic infection (Figure 1).  
An ethical review application was validated by the Ethical 
Review Committee of Huashan Hospital, Fudan University, 
Shanghai, China. Written informed consent was obtained for 
each patient or their legal designees prior to participation.

Specimen collection and processing

During enrollment, all of the subjects received conventional 
microbiological tests (CMT) ordered by their treating 
clinicians. Different clinical specimens were collected for 
testing based on the type of suspected infection (i.e., blood 
samples, sputum, nasopharyngeal swabs, puncture fluids, 
bronchoalveolar lavage fluid, and aspirates). The CMT used 
in this study are presented in Table S1; they included blood 
culture, serological tests, molecular diagnostic tests, antigen 
detection, and direct examination of specimens. The CMT 
were conducted according to clinically assessed necessity. 
During this time, additional samples were collected and 
shipped overnight to Huada Laboratories (Shenzhen, 
China) for NGS.

Case definitions

All patients in this study received individualized treatment 
and were followed until the end of treatment. All clinical 
data and laboratory and radiographic test results were 
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Table 1 Demographics and clinical characteristics of the enrolled immunosuppressed subjects with suspected infection

Characteristic Group I (n=36) Group II (n=41) Group III (n=31) Cohort overall (n=108)

Gender, male (%) 19 (52.8) 21 (51.2) 13 (41.9) 53 (49.1)

Age, year: median [range] 43 [18–79] 47 [23–83] 41 [21–75] 43 [18–83]

Body temperature, ℃: median (range) 37.8 (36.8–40.2) 37.5 (36.5–41.0) 38.1 (36.4–39.8) 37.6 (36.4–41.0)

Laboratory examination: median (range)

CRP, mg/L 25.3 (3.0–125.0) 19.4 (3.0–154.0) 22.5 (3.0–112.0) 23.5 (3.0–154.0)

ESR, mm/h 32.1 (2.0–62.2) 26.7 (2.0–76.5) 23.5 (2.0–87.5) 28.0 (20–87.5)

PCT, ng/mL 0.43 (0.0–4.4) 0.52 (0.0–4.5) 0.38 (0.0–2.1) 0.44 (0.0–4.5)

WBC, *10^9/L 8.6 (3.3–12.5) 8.2 (2.9–13.4) 7.7 (2.5–11.9) 8.1 (2.5–13.4)

N, % 69.3 (26.0–92.1) 67.4 (31.5–95.7) 65.3 (40.2–89.3) 66.5 (26.0–95.7)

Immunosuppressive condition

Pulmonary diseases 4 3 1 8 (7.4)

Liver diseases 4 3 2 9 (8.3)

Neurologic diseases 3 4 4 11 (10.2)

Nephrotic syndrome 2 3 – 5 (4.6)

Rheumatic diseases 7 11 11 29 (26.9)

Inflammatory bowel diseases 1 – 1 2 (1.9)

Blood system diseases 4 6 5 15 (13.9)

Skin diseases 5 6 4 15 (13.9)

Allergic disease 4 4 2 10 (9.3)

Other diseases 2 1 1 4 (3.7)

Non-infection

Drug fever – – 9 9 (8.3)

Tumor fever – – 5 5 (4.6)

Rheumatic disease – – 12 12 (11.1)

Fever of unknown origin – – 2 2 (1.9)

Endocrine disease – – 3 3 (2.8)

Group I: subjects who met both clinical and microbiologic criteria for infection. Group II: subjects who met clinical criteria for infection only. 
Group III: subjects with noninfectious etiology. CRP, C-reaction protein; ESR, erythrocyte sedimentation rate; PCT, procalcitonin; WBC, 
white blood cell; N, neutrophil. 

recorded. Diagnoses were made by two independent 
clinicians blinded to the NGS results who retrospectively 
reviewed each patient’s medical record including clinical, 
microbiological, and treatment outcome information to 
determine whether they met the case definitions of different 
kinds of infection, with respect to microbiologic and/or 
clinical criteria (Table S1). Using this approach, the patients 
were subdivided into three groups: group I was defined by 

both clinical and laboratory criteria; group II was defined by 
clinical criteria only; and group III included patients with 
no evidence of infection who’s standard CMT results were 
negative.

Sample processing and library construction

Nucleic acids (DNA and RNA) were extracted from 
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Figure 1 Trial profile.

141 immunosuppressed patients enrolled 
with suspected infection form Mar. 25, 2017 

to Apr. 14, 2018 in Huashan Hospital

108 patients included in this study

Clinical and Laboratory assessment 
Next-generation Sequencing (NGS)

Conventional Microbiological Tests (CMT)

Group I:
Clinical and Microbiologic proved 

infection
N=36

Group II:
Clinical proved infection

N=41

Group III:
No evidence of infection

N=31

33 patients not included in this study
• Lost to follow up (n=10)
• Refuse to participate (n=11)
• Inability to communication (n=3)
• Orevious evidence of infectin (n=9)

collected samples according to standard procedures. A 300 
uL sample of plasma samples and other biological fluids 
were collected in Dnase/Rnase tubes for the identification 
of potential pathogens. A common issue in metagenomic 
sequencing is the introduction of contaminating microbial 
nucleic acid during sample preparation. The potential 
contaminating sources include PCR reagents, nucleic acid 
extraction kits, human skin, as well as environment. In order 
to control the effect of contamination, a negative control 
was prepared in parallel and sequenced in the same run. 
Before nucleic acid extraction, samples were processed as 
follows: the tissue sample was grinded into homogenate, the 
urine was concentrated and the sputum was liquefied. 

DNA and total RNA was extracted with TIANamp 
Micro DNA Kit (DP316, TIANGEN BIOTECH, 
Beijing, China) and QIAamp Viral RNA Mini Kit (52906, 
Qiagen, China) following the manufacturer’s operational 
manual, respectively. The RNA was reverse transcribed 
and synthesized to double-stranded complementary DNA 
(ds cDNA) with SuperScript II Reverse Transcription Kit 
(18064-014, Invitrogen, China). In addition to Plasma, 
the DNA/cDNA from other sample was fragmented 
using Bioruptor Pico instrument to generate 200–300 bp 
fragments (Bioruptor Pico protocols). Then, the libraries 
were constructed as follows: first, the DNA fragments were 

subjected to end- repair and add A-tailing in one tube, 
subsequently, the resulted DNA was ligated with bubble-
adapters which contained barcode sequence, and then 
amplified by PCR method. Quality control was carried 
out using bioanalyzer (Agilent 2100, Agilent Technologies, 
Santa Clara, CA, USA) to assess the DNA concentration 
and fragment size. Qualified libraries were pooled together 
to make single strand DNA circle (ssDNA circle) and 
then generated DNA nanoballs (DNBs) by rolling circle 
replication (RCA). The final DNBs were loaded into 
sequence chip and sequenced on BGISEQ platform using 
50 bp/single-end sequencing. Finally, the optical signals 
were collected using high resolution imaging system, 
and then the optical signals were transformed into digital 
information, which can be decode into DNA sequence 
information.

Bioinformatics pipeline

All raw reads were quality filtered using made-in-house 
program, including filtering adapter contamination, low 
quality and low-complexity reads. Next, the clean reads 
after quality filtering were mapped to a human reference 
database including hg38 and Yanhuang genome sequence 
using Burrows–Wheeler Alignment (Version: 0.7.10). 
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Remained reads were aligned to the nonredundant bacterial, 
virus, fungal, and parasite databases using Burrows–
Wheeler Alignment (Version: 0.7.10). The mapped data 
were processed for advanced data analysis. We downloaded 
all the reference genome from the public database, such as 
NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). Currently, 
our databases contain 4,152 whole genome sequences of 
viral taxa, 3,446 bacterial genomes or scaffolds, 206 fungi 
related to human infection, and 140 parasites associated 
with human diseases. The depth and coverage of each 
species were calculated with the Soap Coverage software 
from the SOAP website (http://soap.genomics.org.cn/). 
The parameter values were normalized according the data 
size, which is 8 million reads for sputum and BAL, and 20 
million reads for other samples. The detected species that 
existed in suspected background database or/and was also 
detected in negative control sample was filtered, if reaching 
the threshold (18,19). The entire pipeline from the raw 
sequence data to the alignment to reference databases are 
provided in Figure S1.

Sequencing data analysis

To set up the threshold and minimize inaccurate 
assignments due to environmental contaminants, specimen 
collection and focal colonization, we processed 160 
samples with each group collected from patients with 
non-inflammatory disease from Dec 2016 to Feb 2017, 
included the following: plasma (n=50), sputum (n=30), 
CSF (n=50), and BAL (n=30). Analysis of the NGS 
results involved the following protocol (20-22): at least 
3 reads were mapped to the pathogens whose relative 
abundances surpassed their threshold determined by 
the preliminary sequencing data. The preliminary data 
contained the relative abundance of microbes detected 
by NGS in healthy control samples; based on this data, 
we set up each microbe’s threshold for further validation. 
Pathogens owned the highest absolute abundance in their 
genus; pathogens ranked top 10 for bacteria, viruses, and 
parasites and ranked top 20 for fungi and Mycobacterium 
tuberculosis in relative abundance after the previous two 
screening steps. After the prior analysis, if the detected 
pathogens were commonly reported infectious pathogens, 
they were be considered causative agents, while for non-
commonly reported pathogens, NGS results were in 
accordance with the patient’s clinical features, otherwise 
the detected reads were classified as non-pathogenic 
microbe sequences. 

Statistical analysis

Sensitivity, specificity, positive predictive values (PPVs), 
negative predictive values (NPVs), and the associated 
95% confidence intervals (CIs) were calculated according 
to the definitions provided in Table S1. The proportions 
were compared using the Chi-squared test or Fisher’s exact 
test, as appropriate. Test concordance was assessed using 
the kappa (κ) statistic. P values <0.05 were considered 
significant. Statistical analyses were conducted using SPSS 
Version 19.0 (IBM Corp., Armonk, NY, USA) and figures 
were rendered with GraphPad Prism 7.0 (GraphPad 
Software, San Diego, CA, USA).

Results

General characteristics

In the present study, a total of 141 patients were enrolled 
for eligibility and 108 patients were included (Figure 1). 
The baseline characteristics of the patients are listed in 
Table 1. Factors including gender, age, body temperature, 
C-reactive protein (CRP), erythrocyte sedimentation rate 
(ESR), procalcitonin (PCT), white blood cell (WBC), and 
the percentage of neutrophils were all equally distributed 
among three groups. Among the 108 patients, 36 were 
diagnosed with definite infections by both clinical and 
microbiological criteria (group I) and 41 patients were 
diagnosed with infection by clinical criteria only (group 
II). Thirty-one patients were ultimately diagnosed with 
non-infectious diseases (group III) including autoimmune 
encephalitis, malignant tumors, tsutsugamushi disease, 
drug fevers, and so on (Table 1). Seventeen (15.7%) of 
the enrolled patients received antibiotic therapy and 39 
patients (36.1%) received symptomatic treatment prior to 
participation for less than 3 days. Among the 108 patients 
enrolled, 5 died during the study period (2 in group I and 3 
in group II); death was attributable to infection in 4 cases.

Diagnostic performance of NGS in clinically and 
microbiologically positive subjects

The comparison of the diagnostic results of NGS with the 
CMT method for all 108 patients is shown in Table 2 and 
Figure 2A. NGS and CMT were concordant for 72 of 108 
(66.7%) patients (κ=0.386; 95% CI: 0.248 to 0.525). For the 
culture method and NGS, the agreement rate was 60.2% 
(κ=0.289; 95% CI: 0.161 to 0.417). 

In the present study, the diagnosis of 36 patients was 



Wang et al. NGS-based diagnosis of infection

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(5):227 | http://dx.doi.org/10.21037/atm.2020.01.30

Page 6 of 13

Figure 2 Distribution of pathogens identified in immunosuppressed patients using CMT versus NGS. (A) The figure showed the number of subjects 
in whom each microbe was detected. Green bars indicate microbes detected by CMT and also predicted as pathogens by NGS (CMT+NGS+). 
Orange bars indicate microbes detected by NGS only (CMT−NGS+). Blue bars indicate the number of cases with microbes detected only by CMT 
(CMT+NGS−); (B) distribution of types of infection was shown from patients in Group I; (C) distribution of pathogens was shown from patients in 
Group I. Polymicrobial infection accounted for 38.9% among all the subjects and different kinds of polymicrobial infection were also shown in the 
right; (D) the diagnostic time required for NGS and CMT were compared in subjects with monomicrobial infection or polymicrobial infection in 
Group I. ***, P<0.0001 by Wilcoxon rank-sum test. 

Table 2 Comparison of positive results and agreement among next-generation sequencing, conventional microbiological tests and cultivation 
method in immunosuppressed patients with suspected infection

Group NGS-positivea NGS-negative Total no. Kappa, agreement

CMT-positive 34 2 36 0.386, 66.7%

CMT-negative 34 38 72

Culture-positive 27 2 29 0.289, 60.2%

Culture-negative 41 38 79

Total no. 68 40 108
a, positive: patients with a positive microbiological diagnosis. NGS, next-generation sequencing; CMT, conventional microbiological tests.
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ultimately confirmed by both clinical and microbiological 
criteria (Figure 2B). According to the results, bacteria (n=11, 
30.6%) were the most common pathogens identified, 
followed by fungi (n=9, 25.0%), and virus (n=2, 5.6%); 
14 patients were identified with more than one pathogen 
(Figure 2A). The top 3 causative pathogens identified 
were Klebsiella pneumonia (n=6), Candida albicans (n=4), 
and Aspergillus fumigatus (n=4). Among the 36 patients in 
Group I, NGS results for 29 subjects were consistent with 
CMT methods, with a coincidence rate of 80.6% (29/36). 
For 7 subjects with discordance results, NGS reported 
2 false-negative cases, both of which were subjects with 
bloodstream infections (1 case with Corynebacterium and 1 
case with Clostridium perfringens). Among the remaining 5 
subjects, NGS detected only one pathogen in 1 case and 
different pathogens than those found via CMT in 4 cases 
(Table 3).

It is noteworthy that among the 36 subjects in group I, 
14 (38.9%) were diagnosed with polymicrobial infections, 
including 11 with pulmonary infections, 2 with bloodstream 
infections, and 1 with a liver abscess (Figure 2C). The 
diagnostic accuracy of NGS was 81.8% (18/22) in cases 
with polymicrobial infections, showing no statistical 
difference than that in cases with monomicrobial infections 
(78.6%, 11/14) (P>0.5). For samples from 14 patients with 
polymicrobial infections, multiple microbiological tests 
were performed to acquire final pathogenic diagnoses, 
requiring more time and cost than tests in subjects with 
monomicrobial infections (Table S2). However, NGS 
yielded consistent results from only a one-time test for 
12 of the 14 subjects. We further analyzed the test time 
required to determine the pathogenic diagnosis (Table S2). 
For monomicrobial infections, the cycles required for NGS 
and CMT are not statistically different; for polymicrobial 

Table 3 The detailed information of samples with conflicting results

Patient 
ID 

Specimen
NGS result  
(specific reads)

Culture results
Other microbiological  
diagnostic testing results 

Clinical diagnosis Underlying diseases

5 Plasma Negative Corynebacterium ND Bloodstream infection Severe polymorphic  
erythema

10 Plasma Negative Clostridium  
capsulatum

ND Bloodstream infection Nephrotic syndrome

27 BAL Streptococcus 
gordonii [558]

Aspergillus  
fumigatus

GM test (+), G test (+), BAL 
smear (−)

Pulmonary infection Rheumatoid arthritis

31 Puncture 
Liquid

Clostridium  
necrosis [117]

Mucor, Clostridium 
necrosis

G test (+) Liver abscess Systemic lupus  
erythematosus

95 BAL Moraxella spp 
[344], EBV  
[3,293]

Candida albicans EBV-DNA (+), G test (+),  
BAL smear: Candida  
albicans (+)

Pulmonary infection Systemic lupus  
erythematosus

101 Plasma Staphylococcus 
aureus [1,316]

Escherichia coli ND Bloodstream infection Pemphigus

106 Plasma Enterococcus 
faecium [74]

Cryptococcus  
neoformans

Latex agglutination test 
(+,1:320), G test (−)

Disseminated  
cryptococcosis

Primary biliary cirrhosis

17 Biopsy 
Tissue

Staphylococcus 
aureus [118]

Negative ND No infection (primary 
disease)

Subacute thyroiditis,  
autoimmune liver disease

21 Plasma Acinetobacter 
baumannii [689]

Negative ND No infection  
(drug fever)

Rheumatoid arthritis

27 BAL Candida albicans 
[374]

Negative Filmarray respiratory panel 
test (−), G test (−)

No infection (primary 
disease)

ANCA-associated vasculitis

87 Plasma Pseudomonas 
aeruginosa [885]

Negative ND No infection  
(drug fever)

Systemic lupus  
erythematosus

G test, (1,3)-β-D-glucan test. EBV, Epstein-Barr virus; BAL, bronchoalveolar lavage; GM test, Galactomannan test; ND, no data. 
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infections, however, NGS required significantly less time 
to identify the pathogens than CMT methods (P<0.0001) 
(Figure 2D).

Diagnostic performance of NGS in patients with no 
evidence of infection

For the 31 cases with no evidence of infection in Group 
III, NGS detected pathogens in specimens from 4 patients, 
as shown in Table 3. The microbes identified in the 4 cases 
by NGS were present at relatively low abundance (NGS 
semi-quantitative sequencing reads <1,000). Overall, NGS 
showed a sensitivity of 80.6% (29/36) (95% CI, 64.7% to 
90.6%) and a specificity of 87.1% (27/31) (95% CI, 70.5% 
to 95.5%) when subjects in Group I were defined as patients 
and subjects in Group III were defined as controls. The 
NPV and PPV were 79.4% (95% CI, 62.9% to 90.0%) and 
87.9% (95% CI, 72.1% to 95.8%), respectively.

Identification of pathogen species in CMT negative samples 
by NGS

In the present study, a total of 41 cases were diagnosed 
with infections based on clinical criteria only, with negative 
results from CMT. Among these 41 patients, NGS 
detected positive pathogens in 30 cases, including 11 cases 
with bacterial infections, 5 with fungal infections, 2 with 
viral infections, 1 with a protozoal infection, and 11 with 
polymicrobial infections.

In immunosuppressed patients with possible infections, 
developing targeted and precise antibiotic regimens without 
pathogenic evidence remains a substantial challenge. To 
assess the potential benefits of NGS in treatment decision-
making, we retrospectively reviewed the antibiotic regimen 
received by the 41 patients in group II, as well as the 
clinical outcomes of their infections. According to whether 
antibiotic regimens were guided or modified by NGS 
results, the 41 patients were divided into four categories; 
the respective workflow of diagnosis and treatment is shown 
in Figure 3A. Clinical outcomes in terms of TSR on day 14 
after admission were also evaluated by standard procedures 
(Table S1) and compared among different groups (A, B, C, 
and D).

A. Empiric antibiotic therapy was performed with 
negative NGS results (n=11). The overall TSR was 
45.5% (5/11) and 2 patients died in this group; 

B. The initial empirical antibiotic regimen was adjusted 
immediately upon access to NGS results (n=9) and 

the TSR was 77.8% (7/9). The treatment regimen 
of a representative case is shown in Figure 3B;

C. For 13 patients, empiric antibiotic therapy was 
initially performed. Modifications to initial therapy 
guided by NGS were applied if symptoms did not 
improve after 4–7 days of therapy. This strategy 
ultimately yielded a TSR of 84.6% (11/13). The 
treatment detail of a representative case is shown in 
Figure 3C;

D. Antibiotic therapy was performed without reference 
to NGS results throughout (n=8). Modification of 
antibiotic regimen was considered if symptoms did 
not improve 4–7 days after initial antibiotic therapy 
but without reference to NGS results. Among these 
8 cases, the application of antibiotics was consistent 
with NGS results in 4 cases. The final TSR was 
62.5% (5/8) after 14 days. 

In general, with a treatment regimen based on or modified 
by NGS results (B + C), the overall TSR was 81.8% (18/22). 
This was significantly higher than that observed in patients 
with treatment not based on NGS results (52.6%, 10/19; 
2 died within 14 days; A + D) (P<0.0001). These results 
indicated that NGS plays an important role in improving 
medical decision-making for optimized antibiotic treatment, 
especially in immunosuppressed patients with negative CMT 
results.

Influence of immunosuppression on the diagnostic accuracy 
of NGS and CMT

To establish whether the diagnostic performance of 
NGS was affected by degrees of immunosuppression, we 
calculated the association between cumulative doses of 
prednisone and the detection rate of NGS. Patients from 
groups I and II were combined as patients with infections. 
The cumulative steroid dose was chosen as an indicator 
combining the impact of both the daily dose of prednisone 
and the duration of therapy (3). According to the results, 
the positive rate of CMT decreased significantly when the 
cumulative dose was >1,000 mg (Figure 4A). However, the 
positive detection rates of NGS were not affected by the 
cumulative dose of prednisone used.

We also investigated the distribution of pathogens in 
patients with different degrees of immunosuppression. 
Analysis of the subgroups based on the proportion of 
pathogens is shown in Figure 4B. The proportion of 
polymicrobial infections was significantly higher as the 
cumulative dose of prednisone increased. The proportion of 



Annals of Translational Medicine, Vol 8, No 5 March 2020 Page 9 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(5):227 | http://dx.doi.org/10.21037/atm.2020.01.30

Figure 3 Diagnostic value of NGS in patients with negative CMT results. (A) Schematic representation of the different workflow showing the 
diagnosis and treatment processes guided by NGS results or not (workflow A, B, C and D in Figure 3A). Initial empirical antibiotic therapy was 
performed within 24 h after admission. Once they have initiated empirical antibiotics for fever, all patients were monitored closely for the response, 
adverse effects, emergence of secondary infections, and improvement of symptom. Modifications to the initial antibiotic regimen were considered 
for patients with persistent fever or no improvement in symptoms after 4–7 days of antibiotics. TSR was calculated on day 14 after admission to 
evaluate different treatment workflow; (B) representative case 1. An 83-year-old male patient developed a fever after 3 weeks of hormone therapy 
(methylprednisolone: 60 mg/d) for polymorphic erythematous drug eruption. Voriconazole was given empirically but the symptom was not improved 
after 7 days of treatment. Then the antibiotic regimen was adjusted according to NGS results (Nocardia), which was obtained 4 days before. After 
7-day’s therapy the patient’s symptoms were improved; (C) representative case 1. A 57-year-old female patient developed high fever and dyspnea. 
She has been taking long-term hormone therapy for systemic lupus erythematosus (methylprednisolone: 40 mg/d for 3 months). Initial empirical 
antibiotic regimen (meropenem) and then modified as soon as the NGS results were obtained (Acinetobacter baumannii and Enterococcus faecium). The 
patients’ symptoms were finally improved within 14 days after admission.

Conventional
microbiological

test (CMT)

Immunosuppressed
subjects with suspected

infection
n=41

Negative

Negative

Positive

NGS results

Meropenem Voriconazole

NGS guided:
imipenem-cilastatin
sodium+amikacinNGS guided: linezolid

CT showing diffuse
severe pneumonia CT showing pneumonia

Sputum smear and cutture: negative (3 sets)

GM: positive, T-SOPT: negative
fiberoptic bronchoscopy

BAL NGS: nocardia farcinica

BAL culture and smear: negative

Blood culture: negative (2 sets)

Fiberoptic bronchoscopy

Sputum smear: negative (3 sets)
Sputum culture: negative (3 sets)

GM: negative, T-SPOT: negative

BAL NGS: klebsiella pneumoniae
                 enterococcus faecium

BAL culture and smear: negative

42

40

38

36

34

42

40

38

36

34

25,000

20,000

15,000

10,000

5,000

0

15,000

10,000

5,000

0

CT showing
reduced lesions

CT showing
reduced lesions

0        1       2       3       4        5       6       7        8       9       10     11     12     13      14 0        1       2       3       4        5       6       7        8       9       10     11     12     13      14

Day of hospitalization (days)

Te
m

pe
ra

tu
re

 (℃
)

Te
m

pe
ra

tu
re

 (℃
)

P
eripheral-blood leukocyte (per m

m
3)

P
eripheral-blood leukocyte (per m

m
3)

Day of hospitalization (days)

Yes

Yes

No

No

Empirical antibiotic
therapy
n=11

Antibiotic regimen
modified by NGS

n=9

TSR
5/11, 45.5%

TSR
7/9, 77.8%

TSR
11/13, 84.6%

TSR
5/8, 62.5%

Treatment with NGS- 
based regimen 

TSR: 52.6%

Treatment with NGS- 
based regimen 

TSR: 81.8%

Antibiofic regimen 
modified by NGS

n=3

Antibiofic regimen 
modified empirically 

without NGS
n=8

Empirical antibiotic
therapy
n=21

Initial antibiotic
regimen adjusted

accordingly

Modify antibiotics
according to NGS

TSR: treatment success rate. Treatment success was defined as cure 
(a complete resolution of signs and symptoms associated with the 
exacerbation) or improvement (a resolution or reduction of the symptoms 
and signs associated with the exacerbation without new symptoms or 
signs)

A

B C

No improvement in 
symptom after 4-7 

days



Wang et al. NGS-based diagnosis of infection

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(5):227 | http://dx.doi.org/10.21037/atm.2020.01.30

Page 10 of 13

fungal infections that could not be obtained by traditional 
culture methods also increased when the cumulative 
dose was >2,000 mg (Figure 4B). According to these 
results in immunosuppressed patients, the diagnostic 
accuracy of CMT can be influenced by the degree of 
immunosuppression, with an increased proportion of 
polymicrobial and fungal infections. However, NGS 
provides pathogenic diagnosis in immunosuppressed 
patients devoid of influence by these factors.

Discussion

In this prospective cohort study, we described the 
use of unbiased NGS for pathogenic diagnosis in 
immunosuppressed patients with suspected infections. The 
main result of this study is that NGS conveys substantial 
diagnostic potential in detecting infectious pathogens in 
samples from such immunosuppressed patients, which could 
be a valuable tool for complementing routine diagnostic 
methods, especially in cases with unknown etiology by CMT. 

For immunocompromised patients with suspected 
infections, early and appropriate antibiotics remain the 
cornerstone for treatment in clinical practice (23-25). It 
is recommended that specimens from sites of suspected 
infection should be obtained and tested simultaneously as 
clinically indicated. Empiric antibiotic therapy should be 
performed initially according to the clinical manifestations. 
This initial antibiotic regimen should then be modified 

as determined by clinical and microbiological data if 
symptoms did not improve (26). In the present study, 
however, no pathogen was identified by standard clinical 
diagnostics in 41 patients with infections. A low detection 
rate by conventional methods such as culture was observed 
in several studies (12,16,17), constituting a substantial 
obstacle for optimizing antibiotic therapy. In our study, we 
compared different clinical strategies for antibiotic regimens 
with or without reference to NGS; the results clearly 
demonstrated that NGS showed great potential to enhance 
antibiotic stewardship (B + C). The capacity for NGS to 
detect pathogens unidentifiable by CMT was highlighted 
in several cases in group II, facilitating medical decision-
making and optimizing empiric antibiotic regimens. 
Therefore, although NGS results were not directly 
combined with CMT, which was used as gold standard for 
diagnosis in the present study, the diagnostic performance 
of NGS in Group II demonstrated that NGS could be 
major value for complementing the CMT, in particular in 
clinical or public health settings where routine diagnostics 
remain negative. 

Moreover, in 31 patients with no evidence of infection, 
19 were still treated with empirical antibiotics. This led to 
a waste of medical resources and unnecessary suffering as a 
result of several side effects. Due to the high NPV of NGS 
demonstrated by our study, NGS may be used to exclude 
fever as a sign of infection. The implementation of this 
rule-out strategy by NGS may reduce the excessive use of 

Figure 4 Influence of immunosuppression on the diagnostic accuracy of NGS and CMT. (A) The positive microbiological detection rate of NGS 
versus CMT in different subgroups divided by cumulative steroid dose; (B) the proportion of different kinds of pathogens detected by NGS and 
CMT in subgroups with different cumulative steroid dose. *, positive rate was significantly higher than that in subjects with cumulative steroid dose 
of <500 mg, P<0.01. χ2 test. **, positive rate was significantly higher than that in subjects with cumulative steroid dose of <500 mg, P<0.001. χ2 test. 
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antibiotics as well as the days of antibiotic therapy in these 
patients. In further studies, we will enlarge the sample size 
to validate this diagnostic potential in prospective cohort 
study. 

Severa l  s tudies  report  that  the  proport ion  of 
polymicrobial infections in the immunosuppressed 
population will increase significantly, which is one of the 
most important features of immunocompromised hosts 
compared to ordinary patients (27-31). This is due to the 
destruction of the host’s immune function, making the 
host susceptible to various types of pathogens (1). Our 
results revealed that the diagnostic performance of CMT 
decreased for polymicrobial infections. The reason for these 
diagnostic defects is based on the characteristics of CMT. 
First, the testing mechanisms of single methods make it 
difficult to detect various kinds of pathogens. For instance, 
viruses and parasites cannot be detected by the culture 
method. PCR-based methods can only detect the presence 
of a limited range of organisms. The application of multiple 
detection methods greatly increases the time required for 
pathogen identification. In contrast, NGS provides a one-
step solution, as it allows the sequencing and identification 
of all amplicons in one sample, thereby avoiding the 
problems encountered with the aforementioned assays and 
saving substantial time to diagnosis (32).

In the present study, certain cases existed wherein the 
NGS results were inconsistent with those of the clinical 
microbiological methods. Possible explanations include 
the difficulty of sequencing of the circulatory genomic 
DNA of intracellular bacteria (e.g., Mycobacterium 
tuberculosis and Bacterium burger). Fungi tend to harbor 
hard-to-break cell walls, which may restrain the extraction 
of pathogen DNA segments. RNA viruses such as Japanese 
B encephalitis virus require reverse transcription before 
deep sequencing; therefore, the accuracy of the detection 
rate might be reduced. For the 31 cases with no evidence 
of infection in Group III, NGS detected pathogens in 
specimens from 4 patients, which were considered as false-
positive results. The pathogens obtained by NGS could 
not always lead to clinical manifestation (4,8). The false-
positive results may due to factors including background 
pathogen DNA contamination during library preparation, 
low-quality reads from the samples, misannotated species, 
or contaminants from database entries (20,33). Further 
evaluation and establishment of strict operating rules 
might still be necessary. We also used a negative control in 
every sequencing run to control for contamination and all 
samples in this study were treated according to the same 

protocols in the same laboratory. Non-pathogenic microbe 
sequences detected in our study may come from three 
possible sources: environmental contamination, reagent 
contamination, and errors occurring during sequencing 
and mapping (Table S3). 

In the present study, we recruited patients receiving 
corticosteroid therapy for the evaluation of NGS. 
Corticosteroids are the most widely used chemotherapeutic 
agents with anti-inflammatory and immunosuppressive 
properties.  Notably, different immunosuppressive 
treatments have different effects on host defenses and are 
associated with susceptibility to particular infections (1). 
The increased risk of infection could also be affected by the 
choice of different immunosuppressive agents, ways of drug 
administration, and underlying diseases (1,34). Therefore, 
further evaluation is necessary to recruit immunosuppressive 
patients with different characteristics, such as those 
receiving treatment with neoplasia, autoimmune diseases, 
solid organ and stem cell transplants, to assess the diagnostic 
effect of NGS.

This study has certain limitations. First, our sample 
size is relatively small, and further studies need to recruit 
a larger cohort of immunosuppressed patients with 
different susceptibilities to pathogens. Second, given that 
NGS results may be easily influenced by many factors, 
the standards used in our study were generated using 
preliminary study data and must be thoroughly modified 
and tested prior to use by other centers. Third, sequencing 
costs remain a concern for NGS in clinical practice for 
most people including patients and insurers. In our study, 
all the samples were transferred to a centralized laboratory 
in another city for NGS testing, which could increase 
transportation costs and the turnaround time. For further 
study, we are committed to exploring ways to reduce 
costs, including steaming workflow, automating library 
preparation, and localization of the sequencing platform, 
which could benefit the cost-effectiveness of developing 
NGS as a diagnostic tool. Finally, a small number of 
patients in our study received treatment for less than 3 days 
before recruitment. Effective symptomatic and antibiotic 
treatment could affect the diagnostic performance of both 
NGS and CMT. Although NGS was proved to be less likely 
to be affected by prior antibiotic usage than cultures (35,36), 
further validation of the NGS in real-world practice is still 
necessary. Other areas such as the impact of treatment on 
NGS measurement readings and whether NGS can be used 
as a method to assess treatment effectiveness also require 
further evaluation in our future studies.
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Conclusions 

Our findings suggest that NGS holds great promise for the 
detection of potential pathogens in the clinical samples of 
immunosuppressed hosts receiving corticosteroid therapy 
with suspected infection. NGS stands to become a useful 
tool in first-line diagnostic setups for infection detection 
and control and will provide valuable information to 
optimize antibiotic therapy in immunosuppressed patients.
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Supplementary

Table S1 Supplementary methods

Study design Randomized, single-center, controlled clinical trial in Huashan Hospital in Shanghai, China

Participants Inclusion criteria: immunosuppressed patients 18 years of age or older with suspected of infection were assessed for 
potential inclusion. Patients were eligible for enrolment if they were suffering from an immunosuppressive condition 
and suspected of having an infectious disease requiring microbiological examination

Exclusion criteria:

(I) People under 18 years old

(II) Known pregnancy;

(III) Patients treated with antibiotics during the previous 2 weeks

(IV) Psychiatric disorders or other inability to give written informed consent, not being available for follow-up

(V) Patients suffering from severe organ dysfunction

Included in this analysis: 108 out of 132 randomized participants finished at follow-up

Outcomes • Antibiotic use

• Treatment success rate (TSR) on day 14 after admission: TSR was defined as cure (a complete resolution of signs 
and symptoms associated with the exacerbation) or improvement (a resolution or reduction of the symptoms and 
signs associated with the exacerbation without new symptoms or signs)

(I) Cure defined as resolution of clinical, laboratory, and radiographic signs of infection

(II) Improvement was defined as reduction of clinical signs and symptoms, improvement of laboratory findings, 
and reduction of the number or intensity of radiographic signs of infection

(III) Treatment success represented the sum of the rates for cure and improvement

(IV) Treatment failure included death, recurrence, relapse, or persistence of clinical, laboratory, and radiologic 
signs of CAP and participants lost to follow-up

• Mortality

• Duration of antibiotic therapy

• Length of hospitalization

Conventional  
Microbiological 
test (CMT)

(I) Direct examination for fungal diagnosis

(II) Blood culture

(III) Bacterial and fungal stains and cultures

(IV) AFB stains and cultures

(V) Xpert MTB/RIF, Xpert MTB/RIF Ultra

(VI) Filmarray respiratory Panel

(VII) Serological tests for Epstein-Barr virus (EBV), cytomegalovirus (CMV) and influenza A/B

(VIII) CMV and EBV DNA test

(IX) Serum (1,3)-β-D-glucan test (G test)

(X) Serum galactomannan test (GM test)

(XI) T-SPOT TB test

(XII) Latex agglutination test

(XIII) 16s rRNA gene sequencing

(XIV) India ink method for Cryptococcus neoformans

Criteria of  
Infection

The diagnosis of different types of infection was made by two independent clinicians, retrospectively reviewed each 
patient’s medical record including clinical, microbiological, and treatment outcome information, to determine whether 
they met the definition of different kinds of infections with respect to microbiologic and/or clinical criteria according to:

1) Centers for Disease Control and Prevention. (2019). CDC/NHSN Surveillance Definitions for Specific Types of 
Infections. Surveillance Definitions, (17), 1–29

2) Chen haozhu, Lin guowei, et al. Practice of Internal Medicine: 15th Edition. People’s Medical Publishing House 
Co., LTD., China, 2017

Statistical  
analysis

2×2 contingency tables were derived to determine sensitivity, specificity, positive predictive value (PPV), negative  
predictive value (NPV). All statistics have reported as absolute values with their 95% confidence interval (95% CI).  
Sensitivity and specificity were calculated on the basis of the formulas TP (true positive)/TP + FN (false negative) and 
TN (true negative)/TN + FP (false positive), respectively. PPV is expressed by the TP/TP + FP ratio, while NPV from the 
TN/TN + FN



Table S2 Test time to results for NGS and CMT in Group I

Patient 
ID

Polymicrobial 
infection

Test time to results (days)
CMT Results Specimen Clinical diagnosis

NGS CMT

1 No 2 1.5 Smear and culture Aspergillus BAL Pulmonary infection

2 No 2.5 2 Blood culture Candida albicans Plasma Bloodstream infection

3 No 2 2.5 Blood culture Escherichia coli Plasma Bloodstream infection

4 No 2 2 Blood culture Corynebacterium Plasma Bloodstream infection

5 Yes 2.5 2 Smear and culture Aspergillus, Nocardia BAL Pulmonary infection

6 Yes 3 2 Smear and culture, Filmarray Candida albicans, HSV 1 BAL Pulmonary infection

7 No 2 2.5 Blood culture Staphylococcus aureus Plasma Bloodstream infection

8 Yes 3 5 Smear and culture Aspergillus, Haemophilus parainfluenzae BAL Pulmonary infection

9 No 2 1.5 Culture Pseudomonas aeruginosa Skin secretion Skin and soft tissue infection

10 No 1.5 2 Xpert Mycabacterium tuberculosis Sputum Pulmonary infection

11 No 2 2 Blood culture Clostridium capsulatum Plasma Bloodstream infection

12 Yes 2.5 3.5 Smear and culture Candida albicans, Staphylococcus aureus, Klebsiella pneumoniae Sputum Pulmonary infection

13 Yes 2 4.5 Smear and culture Aspergillus, streptococcus gordonii BAL Pulmonary infection

14 No 3 3 Blood culture Candida albicans Plasma Hepatospenic candidiasis

15 No 1.5 2.5 Blood culture Klebsiella pneumoniae Plasma Bloodstream infection

16 Yes 3 5 Smear and culture, Filmarray Candida krusei, Influenza A BAL Pulmonary infection

17 No 2 3 Culture Candida albicans Ascitic fluid Peritonitis

18 No 2.5 2 Blood culture Candida krusei Plasma Bloodstream infection

19 No 2 1.5 Blood culture Candida krusei Plasma Bloodstream infection

20 No 2 2 Culture Candida krusei BAL Pulmonary infection

21 Yes 3.5 4 Culture Candida albicans, Clostridium necrosis Puncture fluid Liver abscess

22 No 2.5 2 Smear and culture Candida albicans Sputum Pulmonary infection

23 No 2.5 3 Smear and culture Aspergillus Puncture fluid Skin and soft tissue infection

24 Yes 2.5 3.5 Smear and culture, EBV-DNA, EBV IgM Candida albicans, EBV BAL Pulmonary infection

25 No 1.5 2 Blood culture Candida albicans Puncture fluid Kidney abscess

26 No 3 2.5 Blood culture Escherichia coli Plasma Bloodstream infection

27 Yes 2 2 Culture Klebsiella pneumoniae, Acinetobacter baumannii BAL Pulmonary infection

28 Yes 2 5 Smear and culture Aspergillus, Nocardia BAL Pulmonary infection

29 Yes 1.5 7 Smear and culture Candida albicans, Klebsiella pneumoniae BAL Pulmonary infection

30 No 2 3 Culture Klebsiella pneumoniae Drainage fluid Skin and soft tissue infection

31 Yes 2 4.5 Blood culture, CMV-DNA, CMV IgM Staphylococcus aureus, CMV Plasma Bloodstream infection

32 No 1.5 3.5 Blood culture Escherichia coli Plasma Bloodstream infection

33 No 2 2.5 Blood culture Cryptococcus neoformans Plasma Disseminated cryptococcosis

34 Yes 2.5 5.5 Blood culture Candida albicans, Acinetobacter baumannii Plasma Bloodstream infection

35 No 2.5 3.5 Blood culture Nocardia Puncture fluid Liver abscess

36 Yes 2 7 Smear and culture Enterococcus faecium, Adenovirus BAL Pulmonary infection



Table S3 The frequency of background microbes

Pathogen Frequency

Propionibacterium acnes 16

Sphingopyxis alaskensis 14

Micrococcus luteus 12

Caulobacter crescentus 11

Sphingobium japonicum 9

Haemophilus parainfluenzae 8

Asticcacaulis excentricus 8

Janthinobacterium Marseille 8

Novosphingobium aromaticivorans 8

Citrobacter koseri 7

Dechlorosoma suillum 7

Rhodococcus erythropolis 7

Sinorhizobium fredii 7

Methylobacterium radiotolerans 6

Herbaspirillum seropedicae 6

Polynucleobacter necessarius 5

Prevotella melaninogenica 5

Agrobacterium radiobacter 5

Nitrobacter hamburgensis 5

Enhydrobacter aerosaccus 5

Ochrobactrum anthropi 5

Thermoanaerobacter wiegelii 5

Rubrobacter xylanophilus 5

Rhodopseudomonas palustris 5

Deinococcus geothermalis 5

Xanthobacter autotrophicus 5

Finegoldia magna 4

Raoultella ornithinolytica 4

Acinetobacter lwoffii 4

Achromobacter xylosoxidans 4

Ralstonia solanacearum 4

Oligotropha carboxidovorans 4

Aggregatibacter aphrophilus 4

Thermus scotoductus 4

Paracoccus denitrificans 4

Mesorhizobium loti 4

Rothia dentocariosa 4

Corynebacterium aurimucosum 4

Veillonella parvula 3

Cupriavidus metallidurans 3

Kocuria rhizophila 3

Comamonas testosteroni 3

Rubrivivax gelatinosus 3

Deinococcus radiodurans 3

Meiothermus silvanus 3

Stenotrophomonas maltophilia 3

Moraxella osloensis 2

Escherichia fergusonii 2

Edwardsiella ictaluri 2

Macrococcus caseolyticus 2

Moraxella catarrhalis 2

Leptothrix cholodnii 2

Leptotrichia buccalis 2

Brachybacterium faecium 2

Pseudomonas mendocina 2

Rothia mucilaginosa 2

Facklamia hominis 2

Cellvibrio japonicus 2

Leuconostoc mesenteroides 2

Aeromonas hydrophila 2

Gardnerella vaginalis 2

Kocuria palustris 2

Microbacterium testaceum 2

Streptococcus oralis 2

Massilia timonae 2

Gluconacetobacter diazotrophicus 2

Lactobacillus gasseri 1

Rhodobacter sphaeroides 1

Porphyromonas gingivalis 1

Thermus thermophilus 1

Arcobacter butzleri 1

Treponema denticola 1

Parabacteroides distasonis 1

Nakamurella multipartita 1

Dechloromonas aromatica 1

Pantoea dispersa 1

Cellulomonas fimi 1

Citrobacter freundii 1

Erythrobacter litoralis 1

Meiothermus ruber 1

Capnocytophaga ochracea 1

Atopobium parvulum 1

Rhodobacter capsulatus 1

Campylobacter concisus 1

Bacillus amyloliquefaciens 1

Lactobacillus crispatus 1

Advenella kashmirensis 1

Trichoderma reesei 1

Coprococcus catus 1

Afipia felis 1

Rickettsia felis 1

Pseudomonas monteilii 1

Jaagsiekte sheep retrovirus 1

Morganella morganii 1

Streptobacillus moniliformis 1

Citrobacter rodentium 1

Anaerococcus prevotii 1

Proteus mirabilis 1

Bifidobacterium adolescentis 1

Rhizobium tropici 1

Bradyrhizobium japonicum 1

Faecalibacterium prausnitzii 1

Aeromonas salmonicida 1

Deinococcus deserti 1

Thioalkalivibrio sulfidophilus 1

Tetragenococcus halophilus 1

Plautia stali symbiont 1

Alloprevotella tannerae 1

Rhodoferax ferrireducens 1

Ralstonia insidiosa 1

Methanococcus voltae 1

Olsenella uli 1

Campylobacter gracilis 1

Streptococcus sanguinis 1

Gluconobacter oxydans 1

Xanthomonas campestris 1

Pseudoalteromonas haloplanktis 1

Flavobacterium johnsoniae 1

Lactobacillus johnsonii 1

Actinomyces viscosus 1

Variovorax paradoxus 1

Prevotella intermedia 1

Azotobacter vinelandii 1

Streptococcus mitis 1

Staphylococcus warneri 1

Ureaplasma parvum 1

Streptococcus gordonii 1

Simian virus 40 3

Simbu virus 3

Chimpanzee alpha 1 herpesvirus 2

Anopheles gambiae densonucleosis virus 1

Paramecium bursaria Chlorella virus FR483 1

Malassezia globosa 17

Penicillium chrysogenum 2

Phanerochaete chrysosporium 2

Trichinella zimbabwensis 17

Trichinella papuae 13

Echinococcus granulosus 5

Wuchereria bancrofti 2

Enterobius vermicularissta 2

Trichuris trichiura 2



Figure S1 Bioinformation pipeline for sequencing data analysis.

Reads No. Reads percent, % Time, min Tool Database
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fastq files
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a, of raw reads; b, of clean reads.
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