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Abstract: AbstractObjective: The purpose of this study was to explore the clinical applications of
high-throughput sequencing (HTS) in the identification of pathogens in patients with urinary tract
infection (UTI), peritoneal dialysis-associated peritonitis (PDAP), central venous catheter related
blood infections (CRBIs), and lung infections in the nephrology department. Methods: Midstream
urine samples from 112 patients with UTI, peritoneal fluid samples from 67 patients with PDAP, blood
samples from 15 patients with CRBI, and sputum specimens from 53 patients with lung infection
were collected. The HTS and ordinary culture methods were carried out in parallel to identify the
pathogens in each sample. Pathogen detection positive rate and efficacy were compared between the
two methods. Results: The pathogen positive detection rates of HTS in UTI, PDAP, CRBI, and lung
infection were strikingly higher than those of the culture method (84.8% vs. 35.7, 71.6% vs. 23.9%,
75% vs. 46.7%, 84.9% vs. 5.7%, p < 0.05, respectively). HTS was superior to the culture method in
the sensitivity of detecting bacteria, fungi, atypical pathogens, and mixed microorganisms in those
infections. In patients who had empirically used antibiotics before the test being conducted, HTS
still exhibited a considerably higher positive rate than the culture method (81.6% vs. 39.0%, 68.1% vs.
14.9%, 72.7% vs. 36.4%, 83.3% vs. 4.2%, p < 0.05, respectively). Conclusions: HTS is remarkably more
efficient than the culture method in detecting pathogens in diverse infectious diseases in nephrology,
and is particularly potential in identifying the pathogens that are unable to be identified by the
common culture method, such as in cases of complex infection with specific pathogens or subclinical
infection due to preemptive use of antibiotics.

Keywords: high-throughput sequencing; pathogen detection; urinary tract infection; peritoneal
dialysis-associated peritonitis; central venous catheter related blood infections; lung infection

1. Introduction

Infectious diseases remain the major challenge in nephrology departments [1,2]. They
can emerge as a primary infection such as urinary tract infection (UTI), or present as a severe
complication amid a certain chronic kidney disease such as peritoneal dialysis-associated
peritonitis (PDAP) in peritoneal patients, central venous catheter related blood infections
(CRBI) in hemodialysis patients, or lung infection in patients receiving glucocorticoid
or immunosuppressive agent therapy. In each case, pathogen identification is critical,
because it provides the basis for diagnosis and guidance for precise treatment. At present,
culture detection is the most used method in clinical practice and is recommended in
guidelines for some infectious diseases [3]. However, this traditional method has the
inherent shortcomings of having low sensitivity and being time consuming, which lead to
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the low reliability and applicability in clinical practice. In the past decades, great efforts
have been made to identify more efficient pathogen detection methods in the diagnosis of
infectious diseases [4,5].

HTS can determine the DNA sequences by capturing the synthesized tags and can
determine millions or even hundreds of millions of DNA or RNA sequences at the same
time. HTS is unbiased, fast, and can theoretically detect all known pathogens [6]. HTS
has been used for the diagnosis of bloodstream infections, nervous system infections, and
respiratory infections by detecting pathogens’ DNA in blood, cerebrospinal fluid, and
alveolar lavage fluid samples [7–9]. However, application of HTS in detecting infectious
pathogens in patients with kidney diseases is rarely reported. This study explored the
efficacy of HTS in detecting pathogens in diverse infections in nephrology, namely, UTI,
PDAP, CRBI, and lung infection.

2. Materials and Methods
2.1. Patients

We reviewed patients that had been admitted to the Department of Nephrology,
Renmin Hospital of Wuhan University, from August 2019 to January 2021, because of
respective kidney disease with the indicated complications of UTI (n = 112, male: 26,
female: 86, age: 14–92 with an average of 61.9 ± 14.8); PDAP (n = 67, male: 36, female:
31, age: 27–81 with an average age of 50.8 ± 14.5 years); CRBI (n = 15, male: 3, female:
12, age: 34–82 with an average of 57.87 ± 13.757 years); and lung infections (n = 53, male:
28, female: 25, age: 19–84 with an average age of 59.6 ± 17.5 years). The inclusion and
exclusion criteria for the participants are listed at Table 1. The criteria ensured the presence
of the indicated infection, and both pathogen detection methods were performed in parallel
on each patient. The medical records of all participants were analyzed by the research
team. This study was approved by the Ethics Committee of Renmin Hospital of Wuhan
University (Approval Code: WDRY2020-k064; Approval Date: 25 February 2020).

Table 1. Criteria for diagnosis and exclusion.

Diagnostic Criteria Exclusion Criteria

UTI

(1) Patients without urinary catheters: clinical manifestations, urinary
leukocyte (WBC) count (≥104 CFU/mL, leukocyte count with Sysmex
UF-1000i urinary sediment analyzer), pathogenic bacteria ≤2 kinds,
and ≥103 CFU/m
(2) Patients with catheterization: clinical manifestations, pathogens ≤2,
and ≥105 CFU/mL, regardless of leukocyte count. The clinical
manifestations of upper urinary tract infection include renal pain and
fever, while the clinical manifestations of lower urinary tract infection
include frequent micturition, urgency, and pain

(1) Incomplete clinical data
(2) Only one of urine culture or HTS
was performed

PDAP

Peritonitis can be diagnosed in peritoneal dialysis patients with more
than 2 of the following 3 items:
(1) Abdominal pain, peritoneal exudate turbidity, with or without fever
(2) Leukocyte count in penetrant >10 × 107/L, neutrophil ratio >50%
(3) The culture of pathogenic microorganisms in penetrant was positive

(1) Patients with other types of
abdominal or pelvic infection
(2) Patients with incomplete clinical data
(3) The time of starting peritoneal dialysis
was less than 1 month
(4) Peritoneal dialysis combined
with hemodialysis
(5) Only one of the tests of peritoneal
dialysis effluent culture or HTS
was performed

CRBI

(1) The patients on in-center hemodialysis using catheters displayed
fever, chills, rigors, hypotension before or during the
hemodialysis session
(2) New unexplained malaise, with concurrent exclusion of
catheter–unrelated infectious foci

(1) Incomplete clinical data
(2) Only one of culture or HTS
was performed
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Table 1. Cont.

Diagnostic Criteria Exclusion Criteria

Lung
infection

(1) Recent cough, expectoration, or aggravation of original respiratory
disease symptoms, with or without purulent sputum, chest pain,
dyspnea, and hemoptysis
(2) Fever
(3) Signs of pulmonary consolidation and/or wet rales
(4) WBC of peripheral blood leukocytes >10 × 109/L or <4 × 109/L,
with or without nuclear left shift
(5) Chest imaging examination showed new patchy infiltration, leaf or
segment consolidation, ground glass shadow or interstitial changes,
with or without pleural effusion. Meet one of item (5) and other items,
except pulmonary tuberculosis, pulmonary tumor, non-infectious
pulmonary interstitial disease, pulmonary edema, atelectasis,
pulmonary embolism, pulmonary eosinophilic infiltration and
pulmonary vasculitis

(1) Incomplete clinical data
(2) Only one of culture or HTS
was performed

2.2. Sample Collection and Processing

Midstream urine samples were collected from patients with UTI. Peritoneal fluid
samples were collected from patients with PDAP following the protocol recommended by
ISPD [10]. Blood samples were obtained from three sites (peripheral vein and both catheter
hubs) when a CRBI was suspected. Sputum samples were collected from patients with lung
infections. All the samples were subjected to HTS and culture at the same time. Specimen
cultivation and pathogen identification were conducted using automatic cultivation identifi-
cation instrument and identification cards in accordance with the operating instructions [11]
and reported to the clinicians after eliminating the possibility of contamination.

Samples were collected and subjected to the HTS to detect pathogens in the Laboratory
of Renmin Hospital of Wuhan University. The target pathogens for HTS identification in-
cluded bacteria, fungi, mycoplasma, chlamydia, rickettsia, tuberculosis, and other atypical
pathogens. Detection procedures have been described elsewhere [12], and briefly com-
prised the following steps: (1) sample processing and nucleic acid extraction; we used the
Sansure DNA Extraction Kit (Changsha, China); (2) amplification and nanopore targeted
sequencing; NTS was built by targeted amplification of the 16s rRNA gene (for bacteria),
IST1/2 gene (for fungi), and rpoB (for Mycobacterium spp.) using universal and specific
primers, and sequenced by a real-time nanopore sequencing platform; (3) data analysis:
sequencing data were divided into samples according to the sequencing tags, adapters
were removed, low-quality sequences were filtered, host sequences were removed based
on the BLAST and pathogens’ databases, and sequences were annotated; (4) potential
pathogen determination: closely related microorganisms were filtered out, contaminants
from NTS laboratory sampling and from human normal flora were filtered out by negative
controls [13], and a reportable list of clinical pathogens referenced in published case reports
was used [14].

2.3. Statistical Analysis

SPSS 22.0 software was used for statistical analysis. Enumeration data are expressed
as number of cases and rate. Paired samples were compared by the chi-square test or
the Fisher exact probability method and consistency test (McNemar test and Kappa test).
p < 0.05 was considered statistically significant.

3. Results
3.1. Comparison of the Detection Positive Rate between the Two Methods

In 112 patients with UTI, potential pathogens were identified in 95 cases (84.8%)
by HTS, compared with 40 cases (35.7%) by the culture method (p < 0.001). Among the
positive detections, there were nine cases with complete consistency and 21 cases with
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partial consistent between two test methods. Partial consistency was defined as cases
of shared pathogens detected by both methods on the same sample, in which the other
pathogen was only detected by one approach. Eight cases showed totally distinct test
results between HTS and the culture method. Of note, two cases with negative findings
by methods of HTS detection displayed a positive test result by the culture method. In
67 patients with PDAP, potential pathogens were identified in 48 cases (71.6%) by HTS,
compared with 16 cases (23.9%) by the culture method (p < 0.001). The positive test results
in nine cases were completely consistent in two methods and in three cases were partially
consistent. In 15 patients with CRBI, potential pathogens were identified in 12 cases (75%)
by HTS and in seven cases (46.7%) by the culture method (p < 0.001). Among these, results
in four cases were totally consistent in the two methods, and in one case were partially
consistent. In 53 patients with lung infection, potential pathogens were identified in
45 cases (84.9%) by HTS, strikingly higher than the three cases (5.7%) by the culture method
(p < 0.001). One case showed fully consistent results in the two methods and two cases
were partially consistent. The comparison of the positive rate of detection between HTS
and the culture method is shown in Table 2 and Figure 1A. Figure 1B shows the profile of
detection results of the two methods in each infectious disease.

Table 2. Comparison of positive rate of detection between HTS and culture methods.

Category
HTS Culture Method

p
Positive Negative Detection Rate Positive Negative Detection Rate

UTI 95 17 84.8% 40 72 35.7% <0.001
PDAP 48 19 71.6% 16 51 23.9% <0.001
CRBI 12 3 75.0% 7 8 46.7% <0.001

Lung infection 45 8 84.9% 3 50 5.7% <0.001

3.2. Profile of Identified Pathogens by HTS and Culture Methods on Indicated Diseases

The profiles of the identified pathogens in the two approaches for the infectious
diseases were further analyzed in terms of the strain number and their species. As shown
in Supplementary Table S1, HTS detected a total of 211 strains (consisting of 166 bacterial
strains, 34 fungal strains, 7 Ureaplasm strains, and 4 Mycoplasma strains), compared with a
total of 43 strains (consisting of 34 bacterial strains and 9 fungal strains) detected by the
culture method in 112 UTI patients. In 67 patients with PDAP, HTS produced 68 strains
of potential pathogens including 52 bacterial strains, 13 fungal strain, 2 Mycobacterium
tuberculosis strains, and 1 rickettsia, and the culture method yielded only 16 strains including
13 strains of bacteria and 3 strains of fungi. In 15 patients with CRBI, a total of 22 strains
of potential pathogens (52 bacterial strains, 13 fungal strain, 2 Mycobacterium tuberculosis
strains, and 1 rickettsia) were detected by HTS, in sharp contrast to 7 strains being detected
by the culture method. Similarly, HTS identified 111 potential pathogen strains with species
of bacteria, fungi, Mycoplasma orale, Cryptosporidium, and Pneumocystis jiroveci in 53 patients
with lung infection, overwhelmingly higher than that the 3 strains identified by the culture
method. These results strongly suggest that HTS is superior to the culture method in terms
of detection success regardless of the pathogen type. More detailed information about the
identified potential pathogens linked to the indicated diseases or detection approaches are
summarized in Supplemental Figures S1–S4 and Supplemental Table S1.



Diagnostics 2022, 12, 2128 5 of 11Diagnostics 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

 

 
Figure 1. Profile of the detection results using HTS and culture methods on indicated infectious 
diseases. (A) Comparison of positive rate of detection between HTS and culture method. (B) Profile 
of detection results of the two methods in each infectious disease. 

Table 2. Comparison of positive rate of detection between HTS and culture methods. 

Category 
HTS Culture Method 

p 
Positive Negative Detection Rate Positive Negative Detection Rate 

UTI 95 17 84.8% 40 72 35.7% <0.001 
PDAP 48 19 71.6% 16 51 23.9% <0.001 
CRBI 12 3 75.0% 7 8 46.7% <0.001 

Lung infection 45 8 84.9% 3 50 5.7% <0.001 

Figure 1. Profile of the detection results using HTS and culture methods on indicated infectious
diseases. (A) Comparison of positive rate of detection between HTS and culture method. (B) Profile
of detection results of the two methods in each infectious disease.

3.3. Comparison of the Detection Effectiveness by Pathogen Type between HTS and
Culture Methods

The detection effectiveness of the culture method is largely limited by the pathogen
type and, in particular, its environmental dependent viability. On the contrary, due to the
approach used in HTS, its high detection effectiveness is independent of pathogen type.
We then compared the detection effectiveness by pathogen type between HTS and culture
methods for four infectious diseases. In this part of the study, the microorganisms detected
from a patient’s specimen, regardless of the detection method adopted, are recognized as
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the cause of the patient’s infection. Therefore, in these subjects, some patients are infected
by single pathogenic microorganisms, and some patients may have mixed infection. The
detected microorganisms were grouped into the four categories of bacteria, fungi, atypical
pathogens, and parasites. Atypical pathogenic microorganisms refer to mycoplasma,
chlamydia, or mycobacterium tuberculosis. We found that pathogens of bacteria and fungi
were detected in CRBI patients; bacteria, fungi, and atypical pathogens were detected in
UTI patients and PDAP patients; and bacteria, fungi, atypical pathogens, and parasites
were detected in lung infection patients. HTS produced a considerably higher positive test
rate for each pathogen type than the culture method in UTI patients (for bacteria 97.78%
vs. 36.67%, p < 0.00; for fungi 97.14% vs. 25.71%, p < 0.001; for atypical pathogens 100%
vs. 0, p < 0.001), in PDAP patients (for bacteria 93.02% vs. 32.23%, p < 0.001; for fungi
100% vs. 20.10%, p < 0.001; for atypical pathogens 1 of 1 patient vs. 0 of 1 patient), in CRBI
patients (for bacteria 100% vs. 58.30%, p < 0.001; for fungi 3 of 3 patients vs. 0 of 3 patients),
and in lung infection patients (for bacteria 100% vs. 7.32%, p < 0.001; for fungi 100% vs. 0,
p < 0.001; for atypical pathogens 1 of 1 patient vs. 0 of 1 patient; for parasites 1 of 1 patient
vs. 0 of 1 patient) (Table 3). These results demonstrated that the HTS method possesses
a higher positive detection positive rate overall than the culture method by pathogen
type. This advantage is especially obvious for fungi, atypical pathogenic microorganisms,
and parasites.

3.4. Different Impacts of Prior Use of Antibiotics on the Detection Efficiency of the Two Methods

A total of 76 of 112 patients with UTI, 47 of 67 patients with PDAP, 11 of 15 patients
with CRBI, and 48 of 53 patients with lung infection received empirical antibiotic therapy
before the pathogen tests. For the culture method, the positive rate in patients with prior
use of antibiotics was lower than that in patients with no prior use of antibiotics, but the
difference was not statistically significant (27.8% vs. 39.5% in UTI patients, p = 0.228; 14.9%
vs. 45.0% in PDAP patients, p = 0.056; 36.4% vs. 50.0% in CRBI patients, p = 0.634; 4.2% vs.
20.0% in lung infection patients, p = 0.145). Although the HTS methods in patients with
prior use of antibiotics also showed an inferior positive rate than that in patients with no
prior use of antibiotics, the difference was still not statistically significant (81.6% vs. 91.7%
in UTI patients, p = 0.165; 68.1% vs. 80% in PDAP patients, p = 0.322; 72.7% vs. 100% in
CRBI patients, p = 0.243; 83.3% vs. 100% in lung infection patients, p = 0.321). However,
the HTS method had a better positive detection rate than the culture method regardless of
prior antibiotic use, especially in patients with prior use of antibiotics (81.6% vs. 27.8% in
UTI patients, p < 0.001; 68.1% vs. 14.9% in PDAP patients, p < 0.001; 72.7% vs. 36.4% in
CRBI patients, p < 0.001; 83.3% vs. 4.2% in lung infection patients, p < 0.001) (Table 4).
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Table 3. Comparison of the effectiveness between high-throughput sequencing and the culture method in detecting pathogens.

Diseases

Pathogens Bacterial Fungi Atypical Pathogen Parasite

Positive
Rate of HTS

Positive Rate of
Culture Method p Positive

Rate of HTS
Positive Rate of
Culture Method p Positive

Rate of HTS
Positive Rate of
Culture Method p Positive

Rate of HTS
Positive Rate of
Culture Method p

UTI 97.78% 36.67% <0.001 97.14% 25.71% <0.001 100% 0 - - - -
PDAP 93.02% 30.23% <0.001 100% 23.10% <0.001 100% 0 - - - -
CRBI 100% 58.30% <0.001 100% 0 - - - - - - -
Lung infection 100% 7.32% <0.001 100% 0 - 100% 0 - 100% 0 -

Note: The positive rate of the indicated method for the indicated species was calculated by dividing the number of positive samples detected by HTS or culture method by the number of
total positive samples detected by the two methods as the denominator.
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Table 4. Impacts of prior use of antibiotics on the detection efficiency of the two methods.

Diseases

Detection Rates Prior Use of Antibiotics No Prior Use of Antibiotics
p

HTS Culture-Based Method HTS Culture-Based Method

UTI 81.6% 27.8% 91.7% 39.5% 0.228 *; 0.165 #; 0.000 4; 0.026 I

PDAP 68.1% 14.9% 80.0% 45.0% 0.056 *; 0.322 #; 0.000 4; 0.043 I

CRBI 72.7% 36.4% 100.0% 50.0% 0.634 *; 0.243 #; 0.000 4; 0.048 I

Lung infection 83.3% 4.2% 100.0% 20.0% 0.145 *; 0.321 #; 0.000 4; 0.048 I

*: p-value of the positive rate in patients with prior use of antibiotics vs. the positive rate in patients with no prior
use of antibiotics in culture method; #: p-value of the positive rate in patients with prior use of antibiotics vs. the
positive rate in patients with no prior use of antibiotics in HTS method; 4: p-value of the positive rate of HTS
method vs. culture method in patients with prior use of antibiotics; I: p-value of the positive rate of HTS method
vs. culture method in patients with no prior use of antibiotics.

4. Discussion

Infectious diseases, either present as complications or comorbidities, are frequently
seen in patients with kidney diseases due to their impaired immunity and invasive opera-
tions. UTI, PDAP, CRBI, and lung infection are the major infection diseases encountered
by nephrologists in a nephrology department. The full diagnosis of infection, including
pathogen identification, is essential in guiding treatment. Traditionally, the culture method
has been widely implemented in clinics and is recognized as the gold standard for infection
diagnosis. However, the culture method is far from promising because it is time consum-
ing and has relatively low detection efficiency. These are particular challenges when the
pathogen load in the specimen is scarce or the activity is inhibited; for instance, if the
patient received empirical antibiotics therapy before taking the test. HTS has emerged as a
powerful approach in molecular diagnosis with high effectiveness and accuracy [15–18].
Recently, HTS has been applied in in the diagnosis of bloodstream, nervous system, and
respiratory tract infections by detecting the pathogens in various samples, such as blood,
cerebrospinal fluid, and alveolar lavage fluid specimens [19–21]. It has been demonstrated
that the HTS method can detect a large variety of pathogens, such as bacteria, fungi, viruses,
and parasites, with the advantages of high sensitivity, high throughput, requiring less time,
and being less dependent on patients’ conditions.

In this study, we retrospectively evaluated the effectiveness of HTS in the diagnosis of
diverse infectious diseases in the Department of Nephrology. A total of 112 patients with
UTI, 67 patients with PDAP, 15 patients with CRBI, and 53 patients with lung infections
were included and the McNemar test was used to compare the pathogen detection rates
by HTS and culture methods. The results showed that the HTS method has a significantly
higher positive detection rate than the culture method. HTS can detect potential infectious
pathogens in most of the culture-negative specimens. However, among patients with UTI,
there were two cases in which HTS did not detect the pathogen, while the culture method
detected Escherichia coli and Citrobacter freundii. In three cases of PDAP, pathogens were not
detected by HTS, but Escherichia coli, Enterococcus faecalis, and Staphylococcus aureus were
detected by the culture method. These results indicate the possibility of false and missed
detection by the HTS method.

Our results showed that the potential pathogens of UTIs detected by HTS were mainly
Gram-negative bacteria (48.4%), followed by Gram-positive bacteria (30.3%) and fungi
(16.1%). The most common potential pathogens were Escherichia coli, Enterococcus faecium,
Gardnerella vaginalis, and Enterococcus faecalis, which were consistent with those reported
in the literature [22]. The potential pathogens of PDAP detected by HTS were mainly
Gram-positive bacteria (42.6%), followed by Gram-negative bacteria (33.8%) and fungi
(19.1%). Common potential pathogens include Streptococcus, Escherichia coli, Aspergillus,
Staphylococcus epidermidis, and Pseudomonas aeruginosa, which were consistent with those
reported in the literature [23,24]. In CRBI, the potential pathogens detected by HTS were
mainly Gram-positive bacteria (63.6%), followed by Gram-negative bacteria (22.7%) and
fungi (13.6%). The most common causative micro-organisms were Staphylococcus aureus,
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Corynebacterium, and Anaerococcus, which were consistent with those reported in the liter-
ature [25–28]. In lung infections, the potential pathogens detected by HTS were mainly
Gram-positive bacteria (54.9%), followed by fungi (21.6%) and Gram-negative bacteria
(20.7%). The most common pathogens were Streptococcus, Candida albicans, Rosella glutinosa,
and Neisseria. These findings were not consistent with previous reports that common
respiratory pathogens were predominantly Gram-negative bacteria, with Pseudomonas
aeruginosa, Streptococcus pneumonia, and Klebsiella pneumoniae being the most common
pathogens [29,30]. A possible reason for this is the small size of the patients with lung
infection included in this study, and the fact that the patients had combined kidney disease
and were immune-compromised.

In this study we evaluated the detection efficiency of HTS and culture methods by the
identified pathogen type of bacterial, fungal, parasite and atypical pathogens. The overall
detection rate of the HTS method was higher than that of the culture method, and HTS was
superior to the culture method in the diagnosis of bacteria, fungi, atypical pathogens, and
mixed infections. Furthermore, HTS was superior to the culture method in detecting fungi,
atypical pathogens, anaerobic bacteria (Prevotella, Fingoldi, Micromonas, etc.), and aerobic
bacteria (Streptococcus) that require strict culture conditions. These pathogens are difficult
to detect under regular microbiological laboratory culture conditions, whereas HTS is an
unbiased method that does not rely on culture conditions. In theory, HTS can detect all
types of pathogens in clinical samples except viruses [31].

Etiology-based prescription of antibiotics is advocated in clinical practice to avoid drug
resistance and unnecessary medical costs caused by antibiotic abuse. However, in some
conditions, empirical use of antibiotic before a pathogen detection test is permitted. For
these patients, the follow-up pathogen identification is still critical for late drug adjustment,
so such identification cannot be abandoned. When the traditional culture method is used to
detect the etiology of these patients, its positive rate is usually very low and its clinical value
is limited. In these circumstances, HTS can be used as an effective alternative detection
method. Our results showed that, in patients having used antibiotics, the pathogen positive
detection rate of HTS is significantly higher than that of the ordinary culture method,
indicating that HTS is less affected by prior use of antibiotics. The high detection rate of
HTS may be ascribed to the fact that pathogens’ DNA exists in the plasm for a longer time
and its detection is unlikely to be influenced by antibiotics [17].

In summary, HTS has pronounced advantages in the diagnosis of diverse infectious
diseases (urinary tract infections, peritoneal dialysis-related peritonitis, and lung infections)
in nephrology departments, especially for fungi, atypical pathogens, parasites, and mixed
infections. Precise treatment based on detection of pathogens can be applied, thus reducing
unnecessary and inappropriate antibiotic use and avoiding clinical abuses of antibiotics.
In addition, HTS is less time-consuming and more efficient than the culture method. For
critically ill patients with infections, the use of HTS to detect pathogens is of greater
significance and can improve the early detection of pathogens. HTS can facilitate the
accurate diagnosis and precise treatment of patients with infectious diseases, shorten the
length of hospitalization, and reduce the mortality rate. HTS can be used as an effective
supplement to the traditional culture method. The combination of both methods can
improve the overall pathogen detection rate and benefit the patients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12092128/s1, Table S1: Identified pathogens in patients
with UTI, PDAP, CRBI and lung infection by HTS and culture methods. Figure S1: Profile of identified
pathogens in patients with UTI by method of HTS (A) and culture method (B); Figure S2: Profile of
identified pathogens in patients with PDAP by method of HTS (A) and culture method (B); Figure S3:
Profile of identified pathogens in patients with CRBI by method of HTS (A) and culture method (B);
Figure S4: Profile of identified pathogens in patients with lung infection by method of HTS (A) and
culture method (B).

https://www.mdpi.com/article/10.3390/diagnostics12092128/s1
https://www.mdpi.com/article/10.3390/diagnostics12092128/s1


Diagnostics 2022, 12, 2128 10 of 11

Author Contributions: Conceptualization, H.W.; Data curation, Y.W. and X.H.; Formal analysis,
Y.W.; Investigation, Y.W., X.H. and L.Y.; Methodology, W.L., Y.T. and M.W.; Resources, H.C., H.H.
and W.L.; Software, Y.W., L.Y., C.C. and M.W.; Supervision, H.W.; Writing—original draft, Y.W. and
X.H.; Writing—review & editing, H.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Renmin Hospital of Wuhan University
(Approval Code: WDRY2020-k064; Approval Date: 25 February 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cohen, G. Immune Dysfunction in Uremia 2020. Toxins 2020, 12, 439. [CrossRef] [PubMed]
2. Thongprayoon, C.; Cheungpasitporn, W.; Phatharacharukul, P.; Edmonds, P.J.; Kaewpoowat, Q.; Mahaparn, P.; Bruminhent, J.;

Erickson, S.B. Chronic kidney disease and end-stage renal disease are risk factors for poor outcomes of Clostridium difficile
infection: A systematic review and meta-analysis. Int. J. Clin. Pract. 2015, 69, 998–1006. [CrossRef] [PubMed]

3. Mermel, L.A.; Allon, M.; Bouza, E.; Craven, D.E.; Flynn, P.; O’Grady, N.P.; Raad, I.I.; Rijnders, B.J.; Sherertz, R.J.; Warren, D.K.
Clinical practice guidelines for the diagnosis and management of intravascular catheter-related infection: 2009 Update by the
Infectious Diseases Society of America. Clin. Infect. Dis. 2009, 49, 1–45. [CrossRef] [PubMed]

4. Idelevich, E.A.; Reischl, U.; Becker, K. New Microbiological Techniques in the Diagnosis of Bloodstream Infections. Dtsch. Arztebl.
Int. 2018, 115, 822–832. [CrossRef]

5. Lamy, B.; Sundqvist, M.; Idelevich, E.A. Bloodstream infections—Standard and progress in pathogen diagnostics. Clin. Microbiol.
Infect. 2020, 26, 142–150. [CrossRef]

6. Yu, X.; Jiang, W.; Shi, Y.; Ye, H.; Lin, J. Applications of sequencing technology in clinical microbial infection. J. Cell. Mol. Med.
2019, 23, 7143–7150. [CrossRef]

7. Zhang, H.C.; Ai, J.W.; Cui, P.; Zhu, Y.M.; Hong-Long, W.; Li, Y.J.; Zhang, W.H. Incremental value of metagenomic next generation
sequencing for the diagnosis of suspected focal infection in adults. J. Infect. 2019, 79, 419–425. [CrossRef]

8. Wang, S.; Chen, Y.; Wang, D.; Wu, Y.; Zhao, D.; Zhang, J.; Xie, H.; Gong, Y.; Sun, R.; Nie, X.; et al. The Feasibility of Metagenomic
Next-Generation Sequencing to Identify Pathogens Causing Tuberculous Meningitis in Cerebrospinal Fluid. Front. Microbiol.
2019, 10, 1993. [CrossRef]

9. Zinter, M.S.; Dvorak, C.C.; Mayday, M.Y.; Iwanaga, K.; Ly, N.P.; McGarry, M.E.; Church, G.D.; Faricy, L.E.; Rowan, C.M.; Hume,
J.R.; et al. Pulmonary Metagenomic Sequencing Suggests Missed Infections in Immunocompromised Children. Clin. Infect. Dis.
2019, 68, 1847–1855. [CrossRef]

10. Cullis, B.; Al-Hwiesh, A.; Kilonzo, K.; McCulloch, M.; Niang, A.; Nourse, P.; Parapiboon, W.; Ponce, D.; Finkelstein, F.O. ISPD
guidelines for peritoneal dialysis in acute kidney injury: 2020 update (adults). Perit. Dial. Int. 2021, 41, 15–31. [CrossRef]

11. Riedel, S.; Carroll, K.C. Blood cultures: Key elements for best practices and future directions. J. Infect. Chemother. 2010, 16, 301–316.
[CrossRef] [PubMed]

12. Fu, Y.; Chen, Q.; Xiong, M.; Zhao, J.; Shen, S.; Chen, L.; Pan, Y.; Li, Z.; Li, Y. Clinical Performance of Nanopore Targeted Sequencing
for Diagnosing Infectious Diseases. Microbiol. Spectr. 2022, 10, e27022. [CrossRef]

13. Jing, C.; Chen, H.; Liang, Y.; Zhong, Y.; Wang, Q.; Li, L.; Sun, S.; Guo, Y.; Wang, R.; Jiang, Z.; et al. Clinical Evaluation of an
Improved Metagenomic Next-Generation Sequencing Test for the Diagnosis of Bloodstream Infections. Clin. Chem. 2021, 67,
1133–1143. [CrossRef] [PubMed]

14. Blauwkamp, T.A.; Thair, S.; Rosen, M.J.; Blair, L.; Lindner, M.S.; Vilfan, I.D.; Kawli, T.; Christians, F.C.; Venkatasubrahmanyam,
S.; Wall, G.D.; et al. Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat.
Microbiol. 2019, 4, 663–674. [CrossRef]

15. Gu, W.; Miller, S.; Chiu, C.Y. Clinical Metagenomic Next-Generation Sequencing for Pathogen Detection. Annu. Rev. Pathol. 2019,
14, 319–338. [CrossRef] [PubMed]

16. Sabapathypillai, S.L.; James, H.R.; Lyerla, R.R.; Hassman, L. The Next Generation of Ocular Pathogen Detection. Asia. Pac. J.
Ophthalmol. 2021, 10, 109–113. [CrossRef]

17. Miao, Q.; Ma, Y.; Wang, Q.; Pan, J.; Zhang, Y.; Jin, W.; Yao, Y.; Su, Y.; Huang, Y.; Wang, M.; et al. Microbiological Diagnostic
Performance of Metagenomic Next-generation Sequencing When Applied to Clinical Practice. Clin. Infect. Dis. 2018, 67 (Suppl. S2),
S231–S240. [CrossRef]

18. Besser, J.; Carleton, H.; Gerner-Smidt, P.; Lindsey, R.; Trees, E. Next-generation sequencing technologies and their application to
the study and control of bacterial infections. Clin. Microbiol. Infect. 2018, 24, 335–341. [CrossRef]

http://doi.org/10.3390/toxins12070439
http://www.ncbi.nlm.nih.gov/pubmed/32635646
http://doi.org/10.1111/ijcp.12672
http://www.ncbi.nlm.nih.gov/pubmed/26147121
http://doi.org/10.1086/599376
http://www.ncbi.nlm.nih.gov/pubmed/19489710
http://doi.org/10.3238/arztebl.2018.0822
http://doi.org/10.1016/j.cmi.2019.11.017
http://doi.org/10.1111/jcmm.14624
http://doi.org/10.1016/j.jinf.2019.08.012
http://doi.org/10.3389/fmicb.2019.01993
http://doi.org/10.1093/cid/ciy802
http://doi.org/10.1177/0896860820970834
http://doi.org/10.1007/s10156-010-0069-1
http://www.ncbi.nlm.nih.gov/pubmed/20490596
http://doi.org/10.1128/spectrum.00270-22
http://doi.org/10.1093/clinchem/hvab061
http://www.ncbi.nlm.nih.gov/pubmed/34060627
http://doi.org/10.1038/s41564-018-0349-6
http://doi.org/10.1146/annurev-pathmechdis-012418-012751
http://www.ncbi.nlm.nih.gov/pubmed/30355154
http://doi.org/10.1097/APO.0000000000000366
http://doi.org/10.1093/cid/ciy693
http://doi.org/10.1016/j.cmi.2017.10.013


Diagnostics 2022, 12, 2128 11 of 11

19. Wang, H.; Lu, Z.; Bao, Y.; Yang, Y.; De Groot, R.; Dai, W.; De Jonge, M.I.; Zheng, Y. Clinical diagnostic application of metagenomic
next-generation sequencing in children with severe nonresponding pneumonia. PLoS ONE 2020, 15, e232610. [CrossRef]

20. Wilson, M.R.; O’Donovan, B.D.; Gelfand, J.M.; Sample, H.A.; Chow, F.C.; Betjemann, J.P.; Shah, M.P.; Richie, M.B.; Gorman, M.P.;
Hajj-Ali, R.A.; et al. Chronic Meningitis Investigated via Metagenomic Next-Generation Sequencing. JAMA Neurol. 2018, 75,
947–955. [CrossRef]

21. Li, T.; Mbala-Kingebeni, P.; Naccache, S.N.; Thézé, J.; Bouquet, J.; Federman, S.; Somasekar, S.; Yu, G.; Martin, C.S.-S.; Achari, A.;
et al. Metagenomic Next-Generation Sequencing of the 2014 Ebola Virus Disease Outbreak in the Democratic Republic of the
Congo. J. Clin. Microbiol. 2019, 57, e00827-19. [CrossRef] [PubMed]

22. Belete, M.A.; Saravanan, M. A Systematic Review on Drug Resistant Urinary Tract Infection Among Pregnant Women in
Developing Countries in Africa and Asia; 2005–2016. Infect. Drug Resist. 2020, 13, 1465–1477. [CrossRef] [PubMed]

23. Tang, S.A.; Carolisna, Y.I.; Sakura, D.; Yeo, S.T.; Koh, K.H. Demographic characteristics and outcomes of continuous ambulatory
peritoneal dialysis related peritonitis in Miri General Hospital, Malaysia. Med. J. Malays. 2019, 74, 270–274.

24. van Esch, S.; Krediet, R.T.; Struijk, D.G. 32 years’ experience of peritoneal dialysis-related peritonitis in a university hospital. Perit.
Dial. Int. 2014, 34, 162–170. [CrossRef]

25. David, A.; Risitano, D.C.; Mazzeo, G.; Sinardi, L.; Venuti, F.S.; Sinardi, A.U. Central venous catheters and infections. Minerva
Anestesiol. 2005, 71, 561–564.

26. Ruiz-Giardin, J.M.; Ochoa Chamorro, I.; Velázquez Ríos, L.; Jaqueti Aroca, J.; García Arata, M.I.; SanMartín López, J.V.; Guerrero
Santillán, M. Blood stream infections associated with central and peripheral venous catheters. BMC Infect. Dis. 2019, 19, 841.
[CrossRef]

27. Sahli, F.; Feidjel, R.; Laalaoui, R. Hemodialysis catheter-related infection: Rates, risk factors and pathogens. J. Infect. Public Health
2017, 10, 403–408. [CrossRef]

28. Gupta, V.; Yassin, M.H. Infection and hemodialysis access: An updated review. Infect. Disord. Drug Targets 2013, 13, 196–205.
[CrossRef]

29. Pieters, A.; Bakker, M.; Hoek, R.A.S.; Altenburg, J.; van Westreenen, M.; Aerts, J.G.J.V.; van der Eerden, M.M. Predicting factors
for chronic colonization of Pseudomonas aeruginosa in bronchiectasis. Eur. J. Clin. Microbiol. Infect. Dis. 2019, 38, 2299–2304.
[CrossRef]

30. Gadsby, N.J.; Russell, C.D.; McHugh, M.P.; Mark, H.; Conway Morris, A.; Laurenson, I.F.; Hill, A.T.; Templeton, K.E. Compre-
hensive Molecular Testing for Respiratory Pathogens in Community-Acquired Pneumonia. Clin. Infect. Dis. 2016, 62, 817–823.
[CrossRef]

31. Han, D.; Li, Z.; Li, R.; Tan, P.; Zhang, R.; Li, J. mNGS in clinical microbiology laboratories: On the road to maturity. Crit. Rev.
Microbiol. 2019, 45, 668–685. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0232610
http://doi.org/10.1001/jamaneurol.2018.0463
http://doi.org/10.1128/JCM.00827-19
http://www.ncbi.nlm.nih.gov/pubmed/31315955
http://doi.org/10.2147/IDR.S250654
http://www.ncbi.nlm.nih.gov/pubmed/32547115
http://doi.org/10.3747/pdi.2013.00275
http://doi.org/10.1186/s12879-019-4505-2
http://doi.org/10.1016/j.jiph.2016.06.008
http://doi.org/10.2174/1871526511313030008
http://doi.org/10.1007/s10096-019-03675-z
http://doi.org/10.1093/cid/civ1214
http://doi.org/10.1080/1040841X.2019.1681933
http://www.ncbi.nlm.nih.gov/pubmed/31691607

	Introduction 
	Materials and Methods 
	Patients 
	Sample Collection and Processing 
	Statistical Analysis 

	Results 
	Comparison of the Detection Positive Rate between the Two Methods 
	Profile of Identified Pathogens by HTS and Culture Methods on Indicated Diseases 
	Comparison of the Detection Effectiveness by Pathogen Type between HTS and Culture Methods 
	Different Impacts of Prior Use of Antibiotics on the Detection Efficiency of the Two Methods 

	Discussion 
	References

