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Background: There is no consensus on the optimal use of perioperative antibiotics prophylaxis after kidney transplantation, but there 
is a common trend to limit the duration of antibiotic use worldwide. Metagenomic next-generation sequencing (mNGS) has emerged as 
a novel technology for pathogen detection in clinical practice due to its noninvasive, rapid, precise and high susceptibility to detect 
infectious pathogens. However, data are lacking on whether mNGS analyses could be used to detect pathogens and guide anti-infection 
regimens in kidney transplant donors and recipients.
Methods: We conducted a retrospective study to review all clinic data of mNGS and traditional laboratory methods (TMs) for 
pathogen detection in kidney transplant recipients and their corresponding deceased donors from August 1, 2021 to October 30, 2022 
in our center.
Results: A total of 57 donors and 112 of their corresponding recipients were included. The antimicrobial strategy mainly depended on 
mNGS results combined with traditional pathogen culture and clinical conditions. The percentages of positive pathogen detected by mNGS 
in blood, urine, bronchoalveolar lavage fluid (BALF) and preservation fluids (PFs) were 50.9% (29/57), 35.1% (20/57), 84.2% (48/57) and 
54.4% (31/57) respectively, and were 24.6% (14/57), 15.8% (9/57), 57.9% (33/57) and 14.1% (8/57) respectively when using TMs. mNGS 
could detected all of pathogens which were detected by TMs. However, samples with negative TMs testing can be additionally detected as 
positive by mNGS (15/43 in blood, 11/48 in urine, 15/24 in BALF and 23/49 in PFs). Drug resistance genes were detected in 9 donors by 
mNGS,which were consistent with 6 donors by TMs. There was only one case of donor-derived infection in this study.
Conclusion: This study showed that it is effective to combine mNGS with traditional pathogen detection methods and clinical 
features to develop optimal perioperative antimicrobial management strategies for deceased donor kidney transplantation.
Keywords: kidney transplantation, metagenomic next-generation sequencing, donor-derived infection, perioperative infection, 
antimicrobial strategy

Introduction
Kidney transplantation is the most effective treatment for individuals with end-stage renal disease.1 Deceased donors in China 
have increased rapidly since January 2015 because civilian organ donation has been the sole source of organ transplant.2 

Marginal donors have increasingly been accepted for transplantation due to the significant disparity between the supply and 
demand of organs.3 However, most donors experience multiple invasive procedures, use of high-intensity antibiotics and long 
stays in the intensive care unit (ICU) that increase the risk of donor-derived infections (DDI), including multidrug-resistant 
(MDR) bacterial infections.4,5 Additionally, the use of high-dose immunosuppressive agents increase the risk of infections for 
kidney transplant recipients in the early post-transplant period.6,7 Donors with bacteremia or organ infection are often 
considered contraindications for transplantation in most transplant centers. However, some of the infections can be controlled, 
which requires us to quickly identify pathogens and actively treat them, thereby we can expand the donor pool.

Infection and Drug Resistance 2023:16 6473–6486                                                         6473
© 2023 Rao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 26 June 2023
Accepted: 20 September 2023
Published: 29 September 2023

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


In general, donors are systematically screened for infectious diseases.8,9 However, the use of organs from infected donors 
and antimicrobial therapy in recipients remains controversial.10,11 The prophylactic antibiotic treatment for recipients during 
the perioperative period varies worldwide, and at least a seven-day course of antimicrobial therapy is recommended if the 
culture of biological specimen from donor is positive.12,13 Nevertheless, high-intensity and prolonged antibiotic use will 
promote the emergence of MDR bacteria and cause side effects on the other organ systems.14 Thus, the optimal management 
of antibiotic therapy requires early and precise detection of infectious pathogens in donors.

Conventional laboratory methods, including nucleic acid testing, serology detection and culture of different body 
fluids and tissues, are time-consuming and may produce false negative results. Metagenomic next-generation sequencing 
(mNGS) has become an effective approach to detecting infectious diseases.15,16 mNGS can overcome many short
comings of traditional detection technology and directly detect different microbes from clinical specimens regardless of 
prior antibiotic exposure and culture.17,18 To date, few studies have reported on the early detection of infectious diseases 
in kidney transplant recipients, and reports on the use of mNGS to identify potential pathogens in deceased donors to 
guide perioperative antimicrobial treatment in their corresponding recipients are lacking.19,20

In this study, we proposed a new strategy for optimal perioperative antibiotic use after kidney transplantation. We aim 
to validate the efficacy of perioperative antibiotic strategy by combining mNGS with traditional laboratory methods 
(TMs) to detect donor body fluids and preservation fluid (PF).

Materials and Methods
Patients, Perioperative Management
We retrospectively reviewed all first adult HLA and ABO compatible kidney transplant recipients and their correspond
ing deceased donors between August 1, 2021 and October 30, 2022 in our Hospital. A total of 57 donors and 112 of their 
corresponding recipients were included. All kidneys were donated voluntarily with written informed consent, and that 
this was conducted in accordance with the Declaration of Istanbul. All the clinical data of donors and recipients during 
the hospitalization period were collected.

All the recipients received induction therapy of basiliximab or anti-thymocyte globulin. We used 500 mg intravenous 
methylprednisolone for three days from the day of the operation. Then, oral prednisone was taken and tapered off to 20 
mg once a day in the first month after transplantation. Maintenance immunosuppressive treatment consisted of a triple- 
drug regimen of mycophenolic acid (MPA), calcineurin inhibitors (CNI) and corticosteroids. After transplantation, all 
recipients received prophylaxis with trimethoprim-sulfamethoxazole for 6–12 months and valganciclovir or ganciclovir 
for three months in case of a cytomegalovirus IgG-negative recipient of a cytomegalovirus IgG-positive organ.

The strategy for antibiotic optimization after kidney transplantation during the perioperative period was developed 
according to the results of mNGS of donors as follows:

“Negative donor” was defined as negative culture results and mNGS of blood, urine, bronchoalveolar lavage fluid 
(BALF) and preservation fluids (PFs). Then, third-generation cephalosporin was used for 3 days.

“Possible infectious donor” was defined as at least a positive result of culture or mNGS of blood, urine or BALF but 
with a negative culture or mNGS of PF. Then, the antibiotic targeted to the organism was used for 5–7 days.

“Infectious donor” was defined as the a positive culture or mNGS of PF, and the same organism was isolated from the 
donors in ICU. Then the targeted antibiotic was used for at least 7–10 days. However, if only the mNGS of PF was 
positive when previous results of mNGS or culture were negative, we defined it as contamination or colonization. Then 
the antibiotic strategy was the same as the “Possible infectious donor”, but the antibacterial spectrum can cover the 
possible organism.

Samples Collection and Processing
The donor’s samples, including blood, urine and BALF, were obtained immediately after hospitalized in our center, and 
PF was obtained preoperatively. We would conduct the first evaluation after 3–5 days, if the donor’s infection related 
indicators and symptoms continued to worsen after anti infection based on the mNGS results, or none-infected donors 
showed signs of infection. In this case, we would repeat the mNGS evaluation for infection and adjust the antibiotics. All 
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the samples were used for culture and mNGS. Microbiological monitoring of the kidney recipients involved the routine 
sampling of blood, drainage fluid and urine on postoperative days (POD) 1, 4, and 7. The recipient’s samples were just 
for routine laboratory tests and cultures. When a postoperative infection was suspected, the samples from the blood, 
drainage fluid, and urine were collected for mNGS. Traditional laboratory testing pathogen detection included: the 
culture of bacterial and fungal for all specimens; PCR-based assay of Epstein-Barr virus (EBV), Cytomegalovirus 
(CMV),BK virus,Hepatitis B virus (HBV),and Hepatitis C virus (HCV) in blood; serological assay including 1.3-Beta-D- 
glucan, Galactomannan antigen,Cryptococcus antigen,Cryptococcus antigen, HBV antigen,HCV and Human immunode
ficiency virus (HIV)antibody,CMV and EBV immunoglobulin G/M (IgG/M),Syphilis antibody; and Interferon-gamma 
release assays for tuberculosis; Smear microscopy for parasitic in stool, blood or BALF.

All samples were stored at 4◦C in sterile containers and immediately sent to Hugo Biotech Co., Ltd., (Beijing, China) 
to perform mNGS detection. For blood samples, at least five mL of whole blood was centrifuged at 1600g for 10 min, 
and the supernatant was centrifuged at 16,000g for 10 min to obtain plasma. Other samples, including PF, BALF, urine 
and drainage fluid, were collected using aseptic techniques. The 1.5-mL microcentrifuge tube with the 0.6-mL sample 
and 1.0g of 0.5-mm glass beads was attached to a horizontal platform on a vortex mixer and agitated vigorously at 2800– 
3200 rpm for 30 min.

mNGS and Data Analysis
The DNA in samples was extracted and purified using QIAamp DNA Micro Kit (QIAGEN, Hilden, Germany) according 
to the manufacturer’s instructions. DNA concentration and quality were checked using Qubit 3.0 Fluorometer 
(Invitrogen, Q33216) and agarose gel electrophoresis (Major Science, UVC1-1100) according to the manufacturer’s 
instruction. Then, DNA libraries were constructed through DNA fragmentation, end-repair, adapter ligation and PCR 
amplification. Qubit 3.0 Fluorometer (Invitrogen, Q33216) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo 
Alto, USA) were used for quality control of the DNA libraries. Finally, quality-qualified DNA libraries were sequenced 
on the Illumina NextSeq 550 sequencing platform (Illumina, San Diego, USA) and a SE75bp sequencing strategy 
according to the manufacturer’s instructions.

High-quality effective sequencing data were obtained by filtering out connectors, low-quality, low-complexity and 
shorter sequences. Then, human-derived sequences were removed by mapping to the human reference genome (GRCh38. 
p13) using BWA (Burrows Wheeler alignment). The remaining sequencing data were classified by simultaneous 
alignment to the reference database [NCBI database and GenBank], which covers more than 30,000 microorganisms, 
including 17,748 species of bacteria, 11,058 species of viruses, 1134 species of fungi and 308 species of parasites. The 
positive criteria for the mNGS result were determined as follows: (1) For bacteria other than TB, fungi other than 
Cryptococcus and parasites, sequencing coverage in the top 10 of all pathogens were detected and not detected in the 
negative control (NTC), or the RPM (reads per million mapped reads) ratio of the sample/NTC greater than 10; (2) For 
viruses, tuberculosis and cryptococci, at least one specific sequence was detected and not detected in the NTC, or the 
RPM ratio of the sample/NTC was greater than five.

Statistical Analysis
Descriptive statistics were computed for the overall sample and stratified by the presence of positive pathogen detected 
by mNGS or positive bacterial culture on samples. Mean ± standard deviation (SD) or median was used for describing 
the continuous variables. The performance of mNGS and TMs for diagnostic assessments was compared using the X2 

test. A two-tailed value of 0.05 was considered statistically significant. Data were analyzed using SPSS, version 26.0 
(SPSS, Chicago, IL, USA).

Results
Clinical Characteristics of Recipient
A total of 112 recipients were consecutively included in this study, and their demographic characteristics are presented in 
Table 1. The median age of patients was 39.5 years (range: 18–71), and most recipients were male (73/112, 65.2%). 
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Hemodialysis was the choice for most patients before transplantation (82/112, 73.2%). The average duration of dialysis was 
846 days (range: 20–3659). Most patients with end-stage renal disease had an unknown cause (56/112, 50%). Basiliximab was 
used as induction therapy in immunologically low-risk patients (101/112, 90.2%). The mean length of hospital stay was 11.1 
days (range: 8–35). Delayed graft function (DGF) occurred in 12 recipients and biopsy-proven acute rejection in five patients 
in the first month. The average cold ischemia and operation times were 3.2 h and 185 minutes, respectively. The mean 
indwelling times for urinary catheters, double-J ureteral stents and central venous catheters were 8.5, 19.8 and 4.7 days, 
respectively. Hypothermic machine perfusion was used in 54 kidneys, and the mean perfusion time was 2.5 h (range: 1.3–15).

Table 1 Recipient Characteristics (N=112)

Characteristics NO. %

Age(years)
Median (Range) 39.5 (18–71)

Sex

Male 73 65.2
Dialysis

Hemodialysis 82 73.2

Peritoneal dialysis 30 26.8
Duration of dialysis(days)

Median (Range) 846 (20–3659)
Cause of ESRD

Diabetic nephropathy 8 7.2

Hypertensive nephropathy 13 11.6
ADPKD 3 2.7

IgA nephropathy 15 13.4

HSPN 5 4.4
FSGS 3 2.7

Gouty nephropathy 4 3.6

Other 5 4.4
Unknown 56 50

Induction therapy

Basiliximab 101 90.2
ATG 11 9.8

HLA Mismatch

Median (Range) 3.4 (1–6)
Hospital stay (days)

Median (Range) 11.1 (8–35)

DGF 12 10.7
Acute Rejection 5 4.5

Cold ischemia time (h)

Median (Range) 3.2 (1.5–19.8)
Operation time (min)

Median (Range) 185 (129–268)

Removal of urinary catheter (days)
Median (Range) 8.5 (6–14)

Removal of double-J ureteral stent (days)

Median (Range) 19.8 (14–35)
Removal of central venous line (days)

Median (Range) 4.7 (2–8)

Abbreviations: ESRD, end stage renal disease; ADPKD, autosomal dominant polycystic kidney disease; HSPN, 
Henoch Schonlein purpura nephritis; FSGS, focal segmental glomerulosclerosis; ATG, anti-thymocyte globulin; DGF, 
delayed graft function.
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Donor Characteristics
Demographic features of the donors in the study are provided in Table 2. The average age of donors was 45.7 years 
(range: 4–67), and most were male (48/57, 84.2%). The median length of stay in the ICU was 10.9 days (range: 2–127). 
The main causes of death were cerebral hemorrhage and trauma (47/57, 82.5%), and brain death was the most common 
type of death (37/57, 64.9%). Combined abdominal organ procurement was applied to all donors, and digestive wounds 
during procurement occurred in two cases.

The Spectrum of Pathogens in Donors
The pathogen-positive percentage detected separately by mNGS and TMs in donors is shown in Figure 1. The percentage 
of donors with mNGS-positive pathogen results was significantly higher than when using TMs in different samples. The 
percentages of positive pathogens detected by mNGS in blood, urine, BALF and PFs were 50.9% (29/57), 35.1% (20/57), 
84.2% (48/57) and 54.4% (31/57), respectively, and which were 24.6% (14/57), 15.8% (9/57), 57.9% (33/57) and 14.1% 
(8/57) respectively when using TMs (Figure 1A). The percentage of co-infection of several pathogens, detected by 
mNGS in blood, urine, BALF and PFs were 17.5% (10/57), 22.8% (13/57), 66.7% (38/57), 17.5% (10/57),and which 
were 3.5% (2/57), 5.3% (3/57), 8.8% (5/57), 0.0% (0/57) respectively when using TMs (Figure 1B). For samples that 
were positive by TMs, the mNGS results were consistent and additional pathogens could be detected. mNGS could 
detected all of pathogens which were detected by TMs. However, samples with negative TMs testing can be additionally 
detected as positive by mNGS (15/43 in blood, 11/48 in urine, 15/24 in BALF and 23/49 in PFs). mNGS detected 21 
pathogens in the blood of 29 donors (bacteria: 61.9%, 13/21; viruses: 28.6%, 6/21; fungi: 9.5%, 2/21), whereas only 10 
pathogens were identified using TMs (bacteria: 80.0%%, 8/10; fungi: 20.0%, 2/10),and the frequency of each pathogen is 
shown in Figure 2A. No parasites were identified in different samples. Other pathogens detected by mNGS or TMs and 
their frequency are shown in Figures 2B–D. About 22 categories of pathogens were detected in different samples. 
Candida and aspergillus were the most frequent fungi found by mNGS. The rate of positive fungi was high in urine 
(7/57), PFs (8/57) and BALF (8/57) and low in blood (3/57). Different types of human herpes virus were detected in 
different specimens, and human polyomavirus and torque teno virus were the other two common viruses. Meanwhile, 
over ten types of bacteria were detected by mNGS in various specimen, and common bacteria such as Klebsiella 
pneumoniae, Acinetobacter baumannii, Escherichia coli and staphylococcus were the main cause of infection of donors 
in the ICU (Figure 2). In general, the pathogen detection rate of the traditional methods is significantly lower than that of 
mNGS, regardless of the samples. In our study, the virus was difficult to detect by traditional methods.

Table 2 Characteristics of Donors (N=57) and Procurement

Characteristics NO. %

Age(years)

Median (Range) 45.7 (4–67)
Sex

Male 48 84.2

Type of death
Brain death 37 64.9

Circulatory-death 20 35.1

Cause of death
Cerebral hemorrhage 32 56.1

Trauma 15 26.4

Other 10 17.5
Extended criteria donor 18 31.6

Length of stay in the ICU(days)

Median (Range) 10.9 (2–127)
Digestive wound during procurement procedure 2 3.5

Abbreviation: ICU, intensive care unit.
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The Drug Resistance Gene Detected by mNGS
Another advantage of mNGS is that it can detect drug resistance genes while detecting pathogens, which can guide the 
possible drug resistance information of pathogens in advance and use appropriate antibiotics in a timely manner 
compared with traditional methods. However, whether the detection results of drug resistance genes are consistent 
with clinical practice needs more verification. In our study, resistance genes were detected in 9 donors by mNGS 
(Table 3). These pathogenic bacteria carrying drug-resistant genes were mainly detected in BALF and urine, and no drug- 
resistant gene-related pathogens were detected in blood and preservation fluid. Several common drug-resistant pathogens 
are still Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterococcus faecium. Tet and Erm 
are the two most common resistance genes among these pathogens. However, these drug resistance speculations based on 
mNGS results are not completely consistent with the results of drug susceptibility tests after actual bacterial culture. The 
drug resistance results data by mNGS are consistent with TMs in 6 out of 9 donors.

P<0.05

P<0.05

P<0.05

P<0.05

A

Co-infection

B

Figure 1 The comparison of pathogen-positive percentage (A) and co-infection rate (B) of different specimens detected by mNGS and TMs in donors. mNGS for 
metagenomic next-generation sequencing, TMs for traditional laboratory methods, BALF for bronchoalveolar lavage fluid and PFs for preservation fluids.
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The Antibiotic Strategies in the Donors and Recipients and Donor-Derived Infections
We usually choose one antibiotic for treating the infection of donors according to the spectrum of bacteria in the ICU of 
our Hospital. The antibiotic may be changed according to the results of mNGS and drug susceptibility analysis. Of the 
donors in our study, 43.9% (25/57) used β-lactamase inhibitor (for example, cefoperazone and piperacillin) as the only 
antibiotic, 35.1% (20/57) received combined carbapenems (Imipenem or meropenem) and some other anti-fungal drugs 
like caspofungin and voriconazole. Additional antibiotics, such as linezolid, vancomycin, tigecycline and ceftazidime/ 
avibactam, were added to the therapy for gram-positive or drug-resistant bacteria in the other 21.1% (12/57) of donors.

The initial antibiotic regimen was made according to the results of pathogens detected by mNGS and drug 
susceptibility analysis. The drainage fluid and urine of recipients were sent to pathogen culture for three consecutive 
postoperative days. If no pathogen was detected in the donor, third-generation cephalosporin was used as the basic 
antibiotic regimen for 3–5 days, according to the patient’s clinical indications. Among the recipients in this study, 27.7% 

A.Pathogen detected by mNGS and TMs in the blood of donors

Figure 2 Continued.
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(31/112) used cefoperazone/sulbactam as the only antibiotic. Anti-fungal drugs were used in accordance with pathogen 
detection reports from pathogen culture and mNGS of donors. A total of 53.6% (60/112) of the recipients used 
caspofungin or posaconazole for prophylaxis of donor-derived fungal infection. Carbapenem antibiotics such as imipe
nem/cilastatin were used in 43.8% (49/112). More than two kinds of antibiotics were taken in 21.4% (24/112) of patients, 
and the additional antibiotics such as tigecycline, linezolid or ceftazidime/avibactam were mainly targeted at gram- 
positive bacteria and drug-resistant bacteria.

Surgical site infection occurred in one patient caused by MDR mycoplasma(ureaplasma) derived from the donor, 
although prophylactic minocycline was used. Readmission occurred in three patients due to urosepsis caused by 

B.Pathogen detected by mNGS and TMs in the urine of donors

Figure 2 Continued.
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Escherichia coli, detected by mNGS in the blood and urine culture during the first month post-transplantation. No other 
donor-derived infection occurred among recipients.

Discussion
Infectious complications have become the leading cause of morbidity and mortality in the early post-transplant period for 
kidney transplant recipients, and it is reported that 40–80% of kidney recipients experience infectious complications after 
kidney transplantation.21 The use of antibiotics combinations to prevent infections in kidney transplant patients is 
controversial. Infections from MDR bacteria due to the use of high-intensity antibiotics have continued to increase 

C.Pathogen detected by mNGS and TMs in the PF

Figure 2 Continued.
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D.Pathogen detected by mNGS and TMs in the BALF

Figure 2 The pathogen spectrum in donors detected by mNGS and TMs. (A) Pie chart demonstrating the distribution of different types of pathogens detected by mNGS 
and TMs in blood of donors, and a total of 20 species of pathogens were detected in blood samples with their corresponding frequencies plotted in histograms. (B) Pie chart 
demonstrating the distribution of different types of pathogens detected by mNGS and TMs in urine of donors, and a total of 21 species of pathogens were detected in urine 
samples with their corresponding frequencies plotted in histograms. (C) Pie chart demonstrating the distribution of different types of pathogens detected by mNGS and TMs 
in PFs of donors, and a total of 20 species of pathogens were detected in PF samples with their corresponding frequencies plotted in histograms. (D) Pie chart demonstrating 
the distribution of different types of pathogens detected by mNGS and TMs in BALF of donors, and a total of 21 species of pathogens were detected in BALF samples with 
their corresponding frequencies plotted in histograms.
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globally, especially carbapenem-resistant Klebsiella pneumoniae (CRKP).22 In this study, we proposed a new periopera
tive antimicrobial strategy in the early stage after renal transplantation depending on the pathogenic results of different 
clinical samples of deceased donors detected by mNGS. We reduced the risk of infection of recipients by early and 
accurate identification of pathogens from donors so that the targeted antibiotic in recipients could be more effective. Our 
study confirmed that this strategy may be effectively to reduce DDIs.

The selection and treatment of organs from infected donors are controversial, despite the widening gap between the 
supply of organs and the number of recipients awaiting transplant.10,23 In this study, we screened all the possible 
pathogens from multiple clinical samples of donors using mNGS, and targeted antimicrobial therapy was administered 
promptly. The results of pathogen cultures of donors using TMs could guide the adjustment of antibiotics. Thus, no organ 
was discarded due to the infectious donors. Due to differences in donor selection criteria among different centers, the 
reported incidence of DDI varies, ranging from 1–3%.24,25 Only one (1/112, 0.9%) DDI incident occurred in this study.

Due to the critical condition of the donors, we usually do not have enough time for anti-infective treatment. The 
average feedback time of traditional pathogen culture is ≥3 days for bacteria and seven days for fungi, and some atypical 

Table 3 The Drug Resistance Gene Detected by mNGS

D Samples mNGS Results TMs Results

Species DRG PRA Species ARA

1 BALF Klebsiella 

pneumoniae

tetA Tetracyclines Klebsiella 

pneumoniae

None

2 BALF Enterococcus 

faecalis; 
Escherichia coli

tetM 

ErmB 
Sul2

Tetracyclines macrolides sulfonamides Enterococcus 

faecalis

Macrolides

3 BALF Corynebacterium 
Urealyticum; 

Enterococcus 

faecium

tetM 
ErmB 

ErmA 

ErmT

Tetracyclines macrolides lincosamides Enterococcus 
faecium

Tetracyclines 
macrolides

4 Urine Klebsiella 

pneumoniae; 
Pseudomonas 

aeruginosa

CfxA2 

OXA-50

Cephalosporins carbapenems Klebsiella 

pneumoniae; 
Pseudomonas 

aeruginosa

Cephalosporins 

carbapenems

5 Urine Pseudomonas 

aeruginosa; 

Escherichia coli

CTX-M 

OXA-60

Cephalosporins carbapenems Escherichia coli Cephalosporins

6 Urine Enterococcus 

faecalis

tetA Tetracyclines None None

7 BALF Acinetobacter 

baumannii

ErmB Macrolides lincosamides Acinetobacter 

baumannii

none

8 Urine Klebsiella 
pneumoniae

Shv 
Kpc-1 

Sul2 

qnr

Cephalosporins carbapenems 
penicillins sulfonamides

Klebsiella 
pneumoniae

Cephalosporins 
carbapenems

9 BALF Acinetobacter 

baumannii; 
Streptococcus 

constellatus

tetA 

ErmB 
Oxa-50 

CfxA1

Cephalosporins carbapenems 

tetracyclines

Streptococcus 

constellation

Cephalosporins 

carbapenems

Abbreviations: D, donor; TMs, Traditional laboratory methods; mNGS, Metagenomic next-generation sequencing; BALF, bronchoalveolar lavage fluid; DRG, drug 
resistance gene; PRA, possible resistant antibiotics; ARA, actual resistant antibiotics.
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pathogens cannot be detected.17 mNGS can detect more than one pathogen in a single test within 24 h, and the results are 
less affected by prior antibiotic exposure.26 As positive results of mNGS analyses are comprehensive, including bacteria, 
fungi and viruses, the presence of co-infection should be excluded. A previous study suggested that common bacterium- 
associated co-infection should combine mNGS with traditional pathogen culture to distinguish the causative pathogens.27 

According to our data, positive results of common bacterium-associated infection using mNGS were consistent with 
those from TMs 100% of the time. However, we found that candida, which was the most common fungal infection, was 
detected by mNGS in 14% (8/57) and 7% (4/57) by TMs, respectively. Thus, the results of mNGS could help clinicians 
hasten clinical decision-making to reduce the risk of DDIs.

The results of pathogen detection in PFs are important evidence for prophylactic use of antibiotics in kidney 
transplant recipients. A nationwide retrospective observational study reported that the positive rates of PF culture were 
24% and 1.8% in deceased and living donors, respectively.28 We found that 14.1% of deceased-donor PFs cultures were 
positive using TMs, which can increase to 54.4% when using mNGS. Aspergillus was always detected using mNGS 
when continuous hypothermic machine perfusion (Lifeport and Kidney Preservation Solution-1, Organ Recovery 
Systems, US) was used to preserve renal grafts, which was confirmed to be due to aspergillus fermentation in the 
perfusate production process. Thus, prophylactic anti-fungal agents were used in 53.6% of recipients until the results of 
traditional pathogen culture in this situation were negative. PFs contamination during procurement seemed to be the 
major cause of the high positive rate and multiple pathogens identified by mNGS. Another nationwide survey of 
prescription practices in case of positive cultures of kidney transplant preservation fluid suggested that the duration of 
treatment for bacteria (such as Pseudomonas aeruginosa and Klebsiella pneumoniae) and fungus was seven and 21 days, 
respectively.29 In this study, the primary antibiotic strategy was based on the results of mNGS in donors, and adjustment 
was made according to the results of traditional pathogen culture in PF and drainage of recipients. A study of a brief 
survey among the Eurotransplant renal transplantation centers revealed that a single shot of perioperative antibiotic 
prophylaxis after kidney transplantation was effective in 44.6% (29/65) of centers.30 However, one-shot antibiotic 
prophylaxis was not enough to prevent DDIs in the case of an infectious donor from our experience.

In addition to detecting multiple pathogens at the same time, mNGS can also detect drug resistance genes. In our 
study, drug resistance genes were detected in the BALF and urine of 9 donors. Our choice of antibiotics for initial 
treatment also takes into account this result. However, this is not consistent with the results of traditionally cultured. It is 
traditionally believed that drug resistance genes and drug resistance phenotypes are not completely consistent. The results 
of drug resistance gene detection still need to be combined with traditional culture and drug sensitivity test to formulate 
an anti-infection plan more accurately. These detected drug-resistant bacteria were not completely consistent with the 
routine detection of drug-resistant bacteria in our hospital’s ICU, as the hospitalization time and course of these donors 
were shorter than that of ordinary patients in our hospital’s ICU, and these donors were managed in independent isolation 
units in the ICU. In addition, mNGS test results do not fully distinguish between active infection, colonization and 
contamination. Therefore, it is still necessary to combine TMs to further identify. However, the high detection cost of 
mNGS may be an obstacle to its further promotion. The cost of each detection is as high as 3000 yuan in our center, 
while the TMs only needs about 300 yuan.

There were some limitations to our study. First, the number of cases in this study is small (only including 57 donors 
and 112 recipients). Larger prospective studies are needed to confirm the validity of such perioperative antibiotic strategy. 
Second, mNGS analysis of recipients’ samples was not enough to verify the morbidity of DDIs. Additionally, RNA-Seq 
data was not concomitantly tested with DNA sequencing in our study, which might give meaningful complementary 
information such as RNA virus. Finally, due to a lack of a standardized protocol and potential nucleic acid contamination 
during mNGS, mNGS results directly from clinical samples should be interpreted with care.

Our study showed that it may be effective to combine mNGS with traditional pathogen detection methods and clinical 
features to develop optimal perioperative antimicrobial management strategies for deceased donor kidney transplantation. 
The positive results of PF using mNGS should be carefully interpreted based on traditional pathogen culture. Large-scale 
multicenter randomized controlled studies are warranted to confirm the value of mNGS in routine clinical practice of 
donors and patients undergoing kidney transplants.
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