

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-763-5
DOI 10.3389/978-2-83251-763-5

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Beyond traditional culture: New approaches for a rapid detection and identification of microorganisms and their antimicrobial resistance

Topic editors

Elena Jordana-Lluch – Balearic Islands Health Research Institute (IdISBa), Spain

Nicasio Mancini – Vita-Salute San Raffaele University, Italy

John W. A. Rossen – IDbyDNA Inc, United States

Onya Opota – Université de Lausanne, Switzerland

Citation

Jordana-Lluch, E., Mancini, N., Rossen, J. W. A., Opota, O., eds. (2023). Beyond traditional culture: New approaches for a rapid detection and identification of microorganisms and their antimicrobial resistance. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-763-5





Table of Contents




Rapid Detection of blaKPC, blaNDM, blaOXA-48-like and blaIMP Carbapenemases in Enterobacterales Using Recombinase Polymerase Amplification Combined With Lateral Flow Strip

Fang Wang, Lei Wang, Huimin Chen, Na Li, Yan Wang, Yan Li and Wei Liang

Total Laboratory Automation for Rapid Detection and Identification of Microorganisms and Their Antimicrobial Resistance Profiles

Abdessalam Cherkaoui and Jacques Schrenzel

Visual Detection of Duck Tembusu Virus With CRISPR/Cas13: A Sensitive and Specific Point-of-Care Detection

Dongdong Yin, Lei Yin, Jieru Wang, Xuehuai Shen, Xiaocheng Pan, Hongyan Hou, Ruihong Zhao, Xiaomiao Hu, Guijun Wang, Kezong Qi and Yin Dai

Diagnosis and Management of Bloodstream Infections With Rapid, Multiplexed Molecular Assays

Sherry A. Dunbar, Christopher Gardner and Shubhagata Das

Performance of Metagenomic Next-Generation Sequencing for the Diagnosis of Cryptococcal Meningitis in HIV-Negative Patients

Zhouqing Gan, Jia Liu, Yijie Wang, Lu Yang, Zheng Lou, Han Xia, Min Li, Zhuolin Chen, Ying Jiang and Fuhua Peng

Raman Spectroscopy—A Novel Method for Identification and Characterization of Microbes on a Single-Cell Level in Clinical Settings

Katarina Rebrosova, Ota Samek, Martin Kizovsky, Silvie Bernatova, Veronika Hola and Filip Ruzicka

Fast, Simple, and Highly Specific Molecular Detection of Porphyromonas gingivalis Using Isothermal Amplification and Lateral Flow Strip Methods

Duobao Ge, Fang Wang, Yanyan Hu, Bendi Wang, Xuzhu Gao and Zhenxing Chen

Rapid, Simple, and Highly Specific Detection of Streptococcus pneumoniae With Visualized Recombinase Polymerase Amplification

Fang Wang, Yan Wang, Xia Liu, Lei Wang, Kun Wang, Chenglai Xu, Guanhong Huang and Xuzhu Gao

Clinical evaluation of bacterial DNA using an improved droplet digital PCR for spontaneous bacterial peritonitis diagnosis

Hao-Xin Wu, Wei Hou, Wei Zhang, Zheng Wang, Shan Guo, De-Xi Chen, Zhen Li, Feili Wei and Zhongjie Hu

Metagenomic next-generation sequencing shotgun for the diagnosis of infection in connective tissue diseases: A retrospective study

Huyan Wang, Xiaowei Shi, Huanhuan Yang, Yan Du and Jing Xue





ORIGINAL RESEARCH

published: 02 December 2021

doi: 10.3389/fcimb.2021.772966

[image: image2]


Rapid Detection of blaKPC, blaNDM, blaOXA-48-like and blaIMP Carbapenemases in Enterobacterales Using Recombinase Polymerase Amplification Combined With Lateral Flow Strip


Fang Wang 1†, Lei Wang 1,2†, Huimin Chen 1, Na Li 1, Yan Wang 1*, Yan Li 1* and Wei Liang 1*


1 Department of Central Laboratory, The Second People’s Hospital of Lianyungang City (Cancer Hospital of Lianyungang), Lianyungang, China, 2 School of Biotechnology, Jiangsu University of Science and Technology, Zhenjiang, China




Edited by: 

John W. A. Rossen, IDbyDNA Inc., United States

Reviewed by: 

Fupin Hu, Fudan University, China

Marina Oviaño, A Coruña University Hospital Complex (CHUAC), Spain

*Correspondence: 

Yan Wang
 wangyan1358@163.com

Yan Li
 1325188199@qq.com

Wei Liang
 hslwys@163.com 


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 09 September 2021

Accepted: 15 November 2021

Published: 02 December 2021

Citation:
Wang F, Wang L, Chen H, Li N, Wang Y, Li Y and Liang W (2021) Rapid Detection of blaKPC, blaNDM, blaOXA-48-like and blaIMP Carbapenemases in Enterobacterales Using Recombinase Polymerase Amplification Combined With Lateral Flow Strip. Front. Cell. Infect. Microbiol. 11:772966. doi: 10.3389/fcimb.2021.772966



The emergence of carbapenemase-producing Enterobacterales (CPE) infections is a major global public health threat. Rapid and accurate detection of pathogenic bacteria is essential to optimize treatment and timely avoid further transmission of these bacteria. Here, we aimed to develop a rapid on site visualization detection method for CPE using improved recombinase polymerase amplification (RPA) combined with lateral flow strip (LFS) method, based on four most popular carbapenemase genes: blaKPC, blaNDM, blaOXA-48-like, and blaIMP. All available allelic variants of the above carbapenemases were downloaded from the β-lactamase database, and the conserved regions were used as targets for RPA assay. Five primer sets were designed targeting to each carbapenemase gene and the RPA amplification products were analyzed by agarose gel electrophoresis. FITC-labeled specific probes were selected, combined with the best performance primer set (Biotin-labeled on the reverse primer), and detected by RPA-LFS. Mismatches were made to exclude the false positive signals interference. This assay was evaluated in 207 clinically validated carbapenem-resistant Enterobacterales (CRE) isolates and made a comparison with conventional PCR. Results showed that the established RPA-LFS assay for CPE could be realized within 30 min at a constant temperature of 37°C and visually detected amplification products without the need for special equipment. This assay could specifically differentiate the four classes of carbapenemases without cross-reactivity and shared a minimum detection limit of 100 fg/reaction (for blaKPC, blaNDM, and blaOXA-48-like) or 1000 fg/reaction (for blaIMP), which is ten times more sensitive than PCR. Furthermore, the detection of 207 pre-validated clinically CRE strains using the RPA-LFS method resulted in 134 blaKPC, 69 blaNDM, 3 blaOXA-48-like, and 1 blaIMP. The results of the RPA-LFS assay were in consistent with PCR, indicating that this method shared high sensitivity and specificity. Therefore, the RPA-LFS method for CPE may be a simple, specific, and sensitive method for the rapid diagnosis of carbapenemase Enterobacterales.
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Introduction

Enterobacterales are conditionally pathogenic bacteria that cause serious hospital-acquired infections (Feil, 2017). The spread of carbapenemase-producing Enterobacterales (CPE) has become a major global public health threat. Carbapenems have traditionally been used to treat infections caused by broad-spectrum beta-lactamase-producing Escherichia coli and Klebsiella pneumoniae and are still considered antibiotics to be used as a last resort (Nordmann et al., 2012; van Duin and Doi, 2017; Rochford et al., 2018; Lin et al., 2020). Carbapenemase-producing enzymes in these bacteria, which are capable of hydrolyzing all carbapenems, cephalosporins, and beta-lactams are the main cause of resistance to carbapenem antibiotics (Khan et al., 2017; Segagni Lusignani et al., 2020). Most carbapenemase genes are located on the metastable genetic elements, such as plasmids and integrons; thus, carbapenem resistance is easily transferred horizontally leading to rapid spread wordwide (Conlan et al., 2014; Bengtsson-Palme et al., 2018; Paveenkittiporn et al., 2021). Among these, Klebsiella pneumoniae carbapenemase (KPC), New Delhi metallo-β-lactamase (NDM), oxacillinase (OXA-48-like), and imipenemase (IMP) are the most prevalent carbapenemases in CPE (Han et al., 2020).

Rapid and accurate detection of carbapenemase genes is extremely important for preventing and monitoring infections and avoiding large-scale carbapenem-resistant bacterial infections outbreak. Currently, in clinical microbiology laboratories, the detection of carbapenemase-producing bacteria is primarily performed using phenotypic methods, such as Carba-NP test, combined disk test, and carbapenem inactivation method (Aguirre-Quiñonero and  Martínez-Martínez, 2017; Nordmann et al., 2020; Tsai et al., 2020). These methods generally have disadvantages of a prolonged testing time, being complex to perform, and being prone to false negatives, whereby some clinical isolates only show low levels of resistance (Hansen, 2021). Rapid assays have been developed based on carbapenemases, including immunochromatographic NG-Test Carba5, RESIST-5 O.O.K.N.V., IMP K-SeT, MALDI-TOF, polymerase chain reaction (PCR), and quantitative PCR (Glupczynski et al., 2016; Foudraine et al., 2019; Vergara et al., 2020; Kanahashi et al., 2021). These methods reduce the detection time to a few minutes; however, they rely on sophisticated instrumentation and trained personnel, which limit widespread application, especially in source-limited area.

Recombinase polymerase amplification (RPA) was first proposed by Piepenburg et al. (Piepenburg et al., 2006) and uses recombinase activity to open the double strand of a DNA molecule and amplifies the DNA target using strand-displacing enzyme activity. Amplification can be completed within approximately 30–40 min at a temperature range of 37°C–42°C. The use of lateral flow strips (LFS) as endpoint visual readouts of the amplified DNA targets makes the method less device-dependent. The colored signal can be observed semi-quantitatively by the naked eye on the LFS using gold nanoparticles (AuNPs) that interact with the labeled isothermal amplification product (Wang et al., 2019; Xie et al., 2021). RPA-LFS has been successfully used for the molecular diagnosis of diseases caused by pathogenic bacteria, such as methicillin-resistant Staphylococcus aureus, Mycobacterium tuberculosis and neo-cryptococcosis (Yang et al., 2013; Law et al., 2018; Ma et al., 2019).

In this study, the false-positive signals from primer dimers were thoroughly eliminated by the introduction of specific probes and base substitutions with specific guidance in the primer and probe sequences. As a result, a rapid and accurate RPA-LFS method was established for the detection of four (blaKPC, blaNDM, blaOXA-48-like, and blaIMP) important carbapenemase genes in clinical CPE of CRE strains. The assay could be completed within 30 min under 37°C isothermal condition. The rapid identification of carbapenemase genes from 207 pre-validated clinical CRE isolates demonstrated the high specificity and sensitivity of the method. Thus, a simple, specific, and sensitive assay was established to provide a technical reference for the rapid detection of clinical carbapenemases.



Materials and Methods


Ethics Statement

This study was approved by the Medical Ethics Committee of the Second People’s Hospital of Lianyungang City (Permit Number: 2020005). The clinical strains were collected from 2020 to 2021 and isolated from sputum, urine, drainage fluid, or secretion samples. All the isolate samples were obtained written consent, on an institutionally approved document, from every patient.



Source of the Strain

Four PCR-amplified and sequenced ‘standard strains,’ including blaKPC, blaNDM, blaOXA-48-like, and blaIMP from Klebsiella pneumoniae were used to establish the RPA-LFS assay for carbapenemases. Seven other common pathogenic bacteria, including Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa, Acinetobacter baumannii, Streptococcus pneumoniae, Staphylococcus aureus, and Enterococcus faecalis were used to validate the specificity of the RPA-LFS method. A total of 207 clinical strains with carbapenem resistance validated by the paper diffusion method were collected from 2020 to 2021 and verified that no duplicate isolates were from the same patient. These clinical isolates, including K. pneumoniae, Escherichia coli, Enterobacter cloacae, Citrobacter freundii, and Serratia marcescens, were used to validate the practical application of the RPA-LFS technology for the rapid detection of carbapenemases in Enterobacterales (Table 1). All strains were collected from the microbiology laboratory of the Second People’s Hospital of Lianyungang City and identified by MALDI-TOF mass spectrometer.


Table 1 | Information of bacteria strains used in this study.





Genomic DNA Extraction

For reactions using purified genomic DNA as a template, genomic DNA was extracted using the Bacterial Genomic DNA Extraction Kit (Tiangen Biochemical Technology Co., Ltd., Beijing, China) and stored at −20°C for backup. If bacterial cultures were used as templates, bacterial DNA was extracted using the heated boiling method. The individual colonies were suspended in 50 μL Tris-EDTA buffers, boiled for 10 min, and centrifuged at 12000 × g for 10 min, after which the supernatant was used as the DNA template.



Design of Primers for RPA Reactions

For the primer design method, sequences of all the isoforms of blaKPC, blaNDM, blaOXA-48-like and blaIMP genes were downloaded from GeneBank. Five pairs of primers for each carbapenemase gene detection were designed separately using Primer Premier 5.0 to capture all the variants based on the regions conserved among the isoforms. The primer design parameters were: size setting of 30–35, product size of 100–500 bp, GC content of 20%–80%, and Tm value setting of 50–100. Default settings were used for all other parameters. Five pairs of primers were selected for testing according to their scores from the highest to the lowest.



RPA Procedure

For the RPA experiments, we used the TwistAmp Liquid DNA Amplification Kit (TwistDx Inc., Maidenhead, United Kingdom). A total of 50 μL of the reaction system was added to the tubes in the following order: 25 μL 2 × reaction buffer, 5 μL 10 × base mix, 2.5 μL 20 × core mix, 2.1 μL upstream primer (10 μM) and 2.1 μL downstream primer (10 µM; General Biosystems Co., Ltd., Anhui, China), 9.8 μL ddH2O, and 1 μL template. To ensure that all reaction systems reacted simultaneously, 2.5 μL of 280 mM magnesium acetate was added to the PCR tube caps, and the template and 280 mM magnesium acetate were added to the reaction system simultaneously using transient centrifugation. The reaction system was vortex-centrifuged and immediately incubated in a heater at 37°C for 30 min. No genomic DNA template reaction system was used as negative control. Each sample has two tubes of reaction, one for the sample itself and the other for the control. Amplification of primers was detected using 1.5% agarose gel electrophoresis.



RPA-LFS Probe Design

Primer Premier 5 software was used to design specific probes between forward and reverse primer targeting sequences, and the formation of dimers, hairpin structures, mismatches, etc. between the probe and the reverse primer should be theoretically avoided as much as possible. The design principles are: (1) The probe size is 46-51 bp, GC content is 20-80%, and Tm is 57-80°C; (2) The maximum hairpin score is 9, and the maximum primer-dimer score is set to 9. The maximum poly-X is set to 5, and other parameters are set to default values; (3) The 5’ end of the probe is labeled with FITC, and the 3’ end was blocked with SpC3, the base at the middle of the probe was replaced with tetrahydrofuran (THF), and there was at least 30 bp of base before the THF site, while at least 15 bp of base followed; (4) The 5’ end of the reverse primer was labeled with biotin.



RPA-LFS Procedure

The RPA-LFS experiment was performed using the TwistAmp DNA Amplification nfo Kit (TwistDx Inc., Maidenhead, United Kingdom) in 50 μL of the reaction system. The following systems were added sequentially to the lyophilized powder tubes that contained the enzyme components: 29.5 μL rehydration buffer, 2.1 μL forward primer (10 μM), 2.1 μL reverse primer (10 μM), 0.6 μL probe (10 μM), 12.2 μL ddH2O and 1 μL template. To ensure that all reaction systems began simultaneously, 2.5 μL of 280 mM magnesium acetate was added to the tube cap, transiently centrifuged, and immediately incubated in a thermostatic heater at 37°C for 30 min. Then, 5 µL of amplification product was used for LFS (Ustar Biotechnologies Ltd., Hangzhou, China) visual detection within 3 min. There are two red lines displayed on the LFS, namely the control line (top) and the test line (bottom). The control line exists in every test to ensure the validity of the LFS, while the test line could only be observed for positive reactions. Each sample has two strips, one for the sample itself and the other for the control.



Examination of Clinical Specimens

To evaluate the detection compliance of the RPA-LFS method, parallel PCR experiments were carried out to calculate the compliance rates of the results of the two methods. A total of 207 pre-validated CRE clinical strains were collected and bacteria were treated using the heated boiling method. One microliter of the boiled resuspension was taken and used as a template for the RPA-LFS and PCR assays. The compliance rate was calculated as:{(number of positive samples for both methods + number of negative samples for both methods)/total number of samples} × 100%.




Results


Design and Screening of Prime Sets for the RPA System

The blaKPC, blaNDM, blaOXA-48-like, and blaIMP genes were used as target sequences, and five pairs of primer sets were designed for each gene targeting to the highly conserved area (Supplementary Table 1). The genome DNA of four standard strains of K. pneumoniae were used as templates to verify the amplification of each of the five primer pairs. As shown in Figure 1, all designed primers amplified the target bands as expected. Primer pairs with brighter target bands, fewer primer-dimers, without non-specific amplification are of better choice. Therefore, blaKPC-4, blaNDM-1, blaOXA-48-like-2 and blaIMP-4 were selected for subsequent detection.




Figure 1 | Screening of optimal primer pairs using RPA amplification reactions. Agarose gel images show the amplification results of five primer pairs designed for blaKPC (A), blaNDM (B), blaOXA-48-like (C) and blaIMP (D) genes. The name of each primer pair is above each lane: Lane M is DNA ladder. NTC lanes are template-free controls for the respective primer pairs. Band sizes of the DNA ladders are shown on the left.





Adding Probes to the RPA-LFS Reaction

The use of probes in the RPA reaction increases the amplification specificity and reduces primer-dependent artifacts. Specific probes were designed within the targeting fragments of the four primer pairs that were screened for better performance (Supplementary Table 1). The amplification performance and false positives of the primer-probe-needle set were verified. The combination of the four primer-probe pairs provided correct positive signals (two visible red bands both on the test lines and control lines) when tested using RPA-LFS, which indicated that the four primer-probe pairs had good amplification performance. However, they also showed a visible weaken red band on the test line in the no template control, which indicated there are false-positive signals for all these five primer-probe combinations (Figure 2).




Figure 2 | Testing the performance of the primer-probe sets using the RPA-LFS reaction. Results of the LFS detection of the RPA amplification products are shown. The name of each primer-probe set is labeled above the corresponding strip. The NTC strip is the template-free control for the corresponding RPA reaction on the immediate left strip. The positions of the test and control lines are marked to the right of the bars. The image represents the results of three independent experiments.





Elimination of False-Positive Signals Using Base Mismatches

RPA can tolerate some base mismatches between the primer/probe and template, which provides some flexibility in primer/probe design and screening (Daher et al., 2015). Analysis using the Primer Premier 5 software revealed that the probe had multiple consecutively matching bases to the reverse primer, which could result in a false-positive signal. Therefore, base substitutions were introduced to eliminate false-positive signals, and the principles of substitution were (1) Breaks were performed on sites with more than four contiguous matching bases or two or more contiguous matching bases at the 3 ‘ end; (2) no substitution of three bases near the 3’ end; (3) no consecutive two-base substitutions; (4) substitution of preferably no more than three bases, otherwise, the sensitivity of the assay may be affected, and (5) A-G and T-C swaps were used preferentially. The sequences of the modified reverse primer (mR) and probe (mP) are listed in Table 2, and the replacement bases are indicated in red. Using this modified primer-probe device, false-positive signals were eliminated without affecting amplification performance (Figure 3A). The primer-probe sets were used for all subsequent RPA-LFS reactions. Meanwhile, analysis of the RPA amplification products using 1.5% agarose gel electrophoresis showed that the amplification products of blaKPC, blaIMP, and blaOXA-48-like primer-probe sets all showed two clear bands, which represented the amplification products of the forward-reverse and probe-reverse primers, respectively, whereas the two amplification products of blaNDM were of similar size and, thus, could not be distinguished from each other, so they were shown as a single band (Figure 3B).


Table 2 | Primer-probe sets after base substitution.






Figure 3 | Testing the modified primer-probe set using the RPA-LFS reaction. (A) Results of the LFS detection of the RPA amplification products. The name of each primer-probe set is labeled above the corresponding band. (B) RPA amplification products were analyzed using agarose gel electrophoresis. The name of each primer-probe set is above each lane: Lane M is DNA ladder. NTC lanes are template-free controls for the respective primer-probe sets. Band sizes of the DNA ladders are shown on the left.





Specificity of the RPA-LFS Assay

K. pneumoniae genomes carrying blaKPC, blaNDM, blaOXA-48-like, and blaIMP genes as well as seven other common pathogenic bacteria were used as templates to detect the specificity of primer-probe combinations. Results are shown in Figure 4, all four primer-probe sets could only detect strains containing the corresponding genes, and no bands were present at the test lines when using genomic DNA from other respiratory bacterial pathogens. Overall, these results illustrated that the established RPA-LFS detection system had good specificity towards the four classes of carbapenemases and no cross-reactivity with other pathogenic bacteria.




Figure 4 | Specificity of the RPA-LFS reaction system. The name of the template added to each reaction is labeled above the corresponding band. Primer-probe combinations of blaKPC (A), blaNDM (B), blaOXA-48-like (C) and blaIMP (D) were added to the reactions. The NTC strip was used as a control reaction without a template.





Detection Limits of the RPA-LFS Method

To assess the detection limit of RPA-LFS, purified genomes of bacteria carrying the four carbapenemases were subjected to 10-fold serial dilutions, ranging from 106 to 10 fg (50 μL/reaction volume with 1 μL of diluted genome added to each reaction). Results are shown in Figure 5. blaKPC, blaNDM, and blaOXA-48-like all had a minimum detection line of 102 fg/reaction; moreover, blaIMP had a 103 fg/reaction. The lowest line for blaKPC, blaNDM, and blaOXA-48-like was 103/reaction by PCR and 104/reaction for blaIMP. Our established RPA-LFS reaction system was more sensitive than the PCR reaction.




Figure 5 | Comparison of the sensitivity between the RPA-LFS reaction and PCR for detection of the four carbapenemase gene families. The amount of template added to each reaction is marked above the corresponding strip. (A–D) detection sensitivity of the RPA-LFS assay and (E–H) detection sensitivity of the PCR assay, representing blaKPC, blaNDM, blaOXA-48-like and blaIMP, respectively. The NTC strip is the control reaction without a template.





Examination of Clinical Strains

The four carbapenemase families of the 207 clinically validated CRE isolates were examined using the RPA-LFS method and conventional PCR. A total of 134 CPE containing the blaKPC gene, 69 blaNDM, 3 blaOXA-48-like, and 1 blaIMP strain (Table 3). There was 100% compliance with the two methods of testing. Notably, the RPA-LFS method was simple and rapid and showed a higher proficiency in detecting carbapenemase genotypes in clinical isolates compared with that of conventional PCR and subsequent sequencing.


Table 3 | Prevalence of carbapenemase genes in 207 strains of Enterobacterales using RPA-LFS and PCR.






Discussion

The emergence of rapid and global spread of carbapenem-resistant Enterobacterales (CRE) poses a great threat to human health. Since different types of antimicrobial drugs have different antimicrobial activities in vitro against different carbapenemase-producing strains, accurate and rapid detection of carbapenemases produced by CRE is of great value for precise dosing of clinical anti-infective therapy and prevention and control of hospital infection (Bassetti et al., 2016; Sheu et al., 2019; Bush and Bradford, 2019). Several phenotypic methods have been developed for the detection and identification of carbapenemases. Modified carbapenem inactivation method (mCIM) and EDTA carbapenem inactivation method (eCIM): mCIM and eCIM tests are simple to perform, do not require special reagents and are of low cost. The disadvantage is that they both require overnight incubation and is time consuming (Pierce et al., 2017; Lutgring et al., 2018). Combination disk testing (CDT) shows high sensitivity and specificity, but its results take 24 hours and the interpretation of the results is sometimes unclear (Giske et al., 2011). The Carba NP test is simple and rapid (4-6 h) and is suitable for all clinical microbiology laboratories. The disadvantages are low sensitivity to blaOXA-48-live and the fact that a certain percentage (3-5%) of the results are uninterpretable (Cunningham et al., 2017). Xpert® Carba-R is rapid and can clarify the carbapenemase genotype. However, special reagents and equipment are required. False negative results will occur if the gene to be tested is different from the target gene (Mancini et al., 2014; Tato et al., 2016). MALDI-TOF has good sensitivity and specificity, but the cost and the requirement for trained personnel limit their use in under-resourced situations (Yu et al., 2018). Enzyme immunochromatographic techniques have the advantage of the simplicity of operation and easy interpretation of results, but the disadvantage is that they are more expensive (Hopkins et al., 2018; Glupczynski et al., 2019).

To cater to the current situation, carbapenemase genes assays should be less expensive and friendly to carry out for end users. The requirements for reduced cost of consumables and technical complexity led to the development of an isothermal RPA assay for the detection of four major carbapenemase families, namely blaKPC, blaNDM, blaOXA-48-like, and blaIMP-type. This assay could rapidly amplify the target DNA under low isothermal conditions and tolerate unpurified templates in this complex system, being a promising molecular assay that is user-friendly (no trained staff required), excellent performance (high sensitive and specific), and low cost (approximately $9 per reaction compared to $13.50 for the inmunocromatographic technique and $27 for the Xpert Carba-R technique) (Boutal et al., 2018; Yoon et al., 2021). In addition, the chemical labeling of the RPA reaction allows the amplification product to be read using AuNPs-based LFS in a short time, which does not require highly precise readout equipment.

We initially designed five separate pairs of primers during the development of the primer-probe set for the RPA-LFS assay, however, four were discarded because of the presence of primer-dimers and non-specific amplification. In contrast, the optimal pair of amplification primers was selected to design the probe, although it also produced a false-positive signal on the LFS without the DNA template. Therefore, the introduction of base substitutions on the probe and reverse primer eliminated the false-positive signal. Once the primer-probe device was established, the RPA-LFS method showed good performance in detecting the carbapenemase gene (Daher et al., 2015; Liu et al., 2019). All four primer-probe combinations specifically detected the corresponding genes without cross-reactivity.

Our RPA-LFS system for carbapenemase detection retained the advantageous characteristics of both RPA and LFS technologies. The RPA-LFS method was highly sensitive, requiring only 102 fg of genomic DNA template from a pure culture of carbapenemase bacteria for detection, and was more sensitive than conventional PCR methods, which is consistent with previous studies. Amplification can be performed at 37°C–42°C, and the entire assay can be completed in less than 30 min. When applied to clinical strain testing, samples do not need to be purified, and the DNA is released by simply boiling over heat and used directly in the assay. The detection accuracy was 100%, and the results were consistent with traditional PCR methods. Thus, our RPA-LFS system provides an experimental basis for the rapid detection of carbapenemase genes in clinical strains, which offers justification for the rational clinical use of antibiotics, especially for individualized anti-infective therapy.

There are two limitations of the study. First, although VIM metallo-B-lactamase is also very common worldwide, the detection rate is low in regions surveyed in this study, so the method does not cover VIM metallo-B-lactamase. The use of the test receives some limitations in geographic areas where VIM metallo-B-lactamase is commonly prevalent (Wang et al., 2018; Han et al., 2020). Second, a major limitation of the RPA-LFS method is that amplification of each carbapenemase gene must be performed individually (i.e., 1 reaction/gene), as it is currently difficult to perform multiplex reactions.
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At a time when diagnostic bacteriological testing procedures have become more complex and their associated costs are steadily increasing, the expected benefits of Total laboratory automation (TLA) cannot just be a simple transposition of the traditional manual procedures used to process clinical specimens. In contrast, automation should drive a fundamental change in the laboratory workflow and prompt users to reconsider all the approaches currently used in the diagnostic work-up including the accurate identification of pathogens and the antimicrobial susceptibility testing methods. This review describes the impact of TLA in the laboratory efficiency improvement, as well as a new fully automated solution for AST by disk diffusion testing, and summarizes the evidence that implementing these methods can impact clinical outcomes.
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Introduction

The early 19th century was characterized by the development of a large number of industry plants. Improving production performance – and ultimately automating the processes – was a constant motivation in industrial development, mostly for costs issues, but sometimes also for the workers’ safety. During the 20th century, the electronics revolution permitted automation to alleviate humans from physically challenging, tedious, and routine handling tasks. Automation then appeared the way for companies to improve their productivity rates without increasing their employee headcounts. Reducing operating costs, improving goods availability, producing with higher reliability and increased performance are the other obvious benefits commonly expected from automation. But despite a broad consensus about those benefits, several pitfalls and a number of obstacles have to be overcome before implementing automated systems, and this holds true across various business area (Dolci et al., 2017). As the automation becomes reality, several issues concerning acceptance by the workers and their relation towards machines are surfacing. A large number of workers consider the implementation of automated systems as a direct threat to their employment (Lippi and Da Rin, 2019). Hence, the success of automation projects lies also on the way to manage staff implication as well as to identify and address their concerns. Nowadays, the automation is effectively implemented in nearly every business area, including medical laboratories (Burckhardt, 2018).

Clinical bacteriology has always been very manual and labor intensive. Unlike some other disciplines including clinical chemistry, molecular biology, immunology and hematology, total automation in clinical bacteriology is not an easy task. The level of efficiency of an automated system in clinical bacteriology relies heavily on in its potential to deal with the highly heterogeneous clinical specimens, due to various container types as well as complex analytical procedures (Bourbeau and Ledeboer, 2013; Thomson and McElvania, 2019).

The first stand-alone automated systems in clinical bacteriology were launched in the 1970s. They were designed to detect bacterial growth in blood culture specimens using broth-based cultures (the BACTEC™ 225, BACTEC™ 301, and BACTEC™ 460 were released between 1971 and 1974). The major difference between these systems and the manual operations, which were still widely used at this period, was that microbial growth was detected automatically by the BACTEC™ instrument rather than by the visual inspection of the technologist. The automatic detection of microbial growth was initially performed by adding radioactively labeled substrates to the broth. The metabolism of these substrates led to the release of radioactively-labeled carbon dioxide that is specifically detected by the instrument. When the amount of the radioactively-labeled carbon dioxide reaches a pre-defined level, the bottle is considered as suspect of microbial growth. This principle has been perpetuated in most recent blood culture instruments, with the exception that the radioactive-labeling has been replaced by fluorescence (Mitchell and Ryan, 1993; Diekema and Marchesseault, 1999).

The first total laboratory automation (TLA) system for culture-based testing (BD Kiestra™) was installed in a diagnostic laboratory in 2006. Few years after, the Copan Company commercialized another TLA system (WASPLab™) with a first installation in a routine laboratory in 2012 (Croxatto et al., 2016). The two TLA systems consist in a complex integration of robotics, digital imaging and software to pilot instruments and provide data interpretation. They are designed for accessioning and inoculating clinical specimens on a variety of culture plates, moving such media plates to automated incubators and providing high-resolution digital imaging at pre-defined time points of the culture plates. Viewing the digitized images of all plates from the same sample on a screen constitutes one of the most important advantages that automation brings to the technologists who are used to retrieve the plates from the incubators, and manipulate the agar plates to inspect them visually before executing some quick and basic biochemical tests (e.g., oxidase, catalase, Pastorex™ …). The TLA systems now enable the staff to call up the agar plates to the workbench for manual assessment whenever deemed necessary, which effectively enhances the staff’s confidence in the digitized images and minimizes handling. The workflow is also impacted by the automation. It allows extended flow processing, more compatible with a 24/7 operation, in contrast to the traditional manual approach of batch reading the plates in the morning and processing them in the afternoon. Since a large number of repetitive tasks are carried out by machines, some staff can be redirected to perform other tasks that typically require their skills and knowledge.



Total Laboratory Automation (TLA)


Processing of Clinical Specimens

Enhancing efficiency and specimen traceability is clearly expected from TLA. Upon receipt in the laboratory, all specimens are treated serially, without delay. Applicable culture media are selected and labeled automatically according to the specimen type, and the requested analyses. The inoculation of specimens is accurately carried out using calibrated metallic loops according to a defined streaking pattern. Inoculated media are swiftly transferred to the incubators via conveyors. This allows skipping the batch processing of specimens as well as the creation of manual worklists. TLA also increases the safety level of the technologists by massively reducing the handling of the specimens, especially since the inspection of culture plates is performed on screen, through digital images.



Incubation and Imaging of Culture Media Plates

By using TLA, inoculated media are transferred without delay from the processing area to the incubators. The agar plates are incubated under optimal growth conditions, stable temperature and adequate atmosphere, because the incubators’ doors are kept closed throughout the incubation process. Microbial growth is monitored through high-resolution digital images taken at pre-defined time points. This enables a more rapid detection of microbial growth while also improving the recovery of slow-growing pathogens. Moreover, TLA uses a software that enables the digital images to be viewed under increased magnification, thus facilitating a consistent assessment of colony morphologies and the detection of mixed cultures. The digital images are interpreted by training technologists, a factor that raises an important challenge as compared to the conventional diagnostic work-up, because the bacterial colonies appear quite different on the screen. Adaptation will be necessary. TLA finally builds a library of images that can be used for training objectives, but also to support and document individual patient’s analyses during discussions with infectious disease specialists, whenever needed.



Work-up of Culture Media Plates

To get most out of the imaging, the digital images should be performed at different time points while observing a short lead time to detect significant microbial growth as early as possible (Figure 1). The identification of pathogens and AST can therefore be obtained much earlier as compared to the conventional work-up, improving therefore the turnaround-time (TAT). Before the TLA era, in most clinical bacteriology laboratories, the working day starts by distributing all incubated culture plates to the different workbenches according to specimen’s type (e.g., blood cultures, urine, non-sterile site specimens, sterile site specimens, respiratory tract specimens, specimens screened for a defined microorganism carriage…) or based on patients ID or wards (ICU, ED, etc.). The specimen-based organization allows executing repetitive tasks in a more systematic manner than based on patients ID or wards and permits a better planning and follow-up of the routine activities. However, it also leads to an uneven distribution of work across workbenches, and to the difficulty to get a comprehensive diagnostic picture for an individual patient. Using TLA, each inoculated media plate is incubated for a pre-defined period, so that it becomes available for processing throughout the day and evening. This processing is most efficient and has a beneficial impact on TAT, allowing better management of the workload and of the workflow (Figure 2). The assessment and interpretation of culture media plates using digital images are still performed by the technologists who define which colonies of interest have to be isolated and further processed for identification and AST. The current version of TLA cannot replace these skilled activities. However, other automated systems newly introduced on the market (e.g., Copan Colibri™), can prepare the target for microbial identification (ID) by MALDI-TOF and a standardized inoculum for performing the AST (Figure 3). The ID and AST results must also be interpreted by skilled technologists, which requires adequate coordination in the staffing of these different activities. To help matching the workload with the level of diagnostic activity, TLA allows to track, at any moment, all specimens throughout their diagnostic pathway. TLA provides also different metrics to evaluate the processes and the team efficiencies, and additional interpretation of patient’s results including trends analysis of antimicrobial resistance.




Figure 1 | High-resolution digital images of one culture media plate taken at different incubation times on the WASPLab™. Time-series image acquisitions for a clinical specimen positive with Bacillus sp., at ascending time points, is depicted here, highlighting the progressive growth of bacterial colonies. Source of all images: A. Cherkaoui, Geneva University Hospitals.






Figure 2 | Total Lab automation workflows. A supposed advantage of TLA in microbiology is an improved efficiency by reducing the repetitive tasks with moderate added-value. Automated incubators with digital imaging drastically reduce the number of manipulations of the culture media plates. Currently, 97% of the identified “automatable” specimens are processed by TLA in our lab. The residual 3% corresponds to specimens that require manual sample preparation or manual inoculation of the media plates before incubation on the WASPLab (e.g., catheters, vascular or orthopedic prostheses, and chirurgical devices). Source of all images: A. Cherkaoui, Geneva University Hospitals.






Figure 3 | Automated System for Colony Picking and MALDI-TOF Targets Preparation (Copan Colibrı™́ ). A pipetting system permits: i) the picking of the specific colonies determined by the technologists during the reading step on the WASPLab screen; ii) the transfer of the microorganisms’ cells on the MALDI-target; and iii) the deposition of the matrix. Two protocols are available with (or without) extraction using a formic acid. Source of all images: A. Cherkaoui, Geneva University Hospitals.





Implementation and Deployment

Clinical microbiology laboratories are nowadays confronted with many different challenges including the needs: i) to enhance efficiency (i.e. to deliver more cost-effective diagnostics), ii) to deliver earlier results (i.e. to shorten the TAT), iii) to comply with the increasingly demanding accreditation requirements (i.e. to provide traceability and documentation to assess the quality of the whole diagnostic process), and iv) to meet the challenges raised by the growing number of multidrug resistant organisms (i.e. to deliver rapidly more comprehensive AST, but whenever needed). Most such challenges can be significantly addressed by TLA. However, successful implementation of TLA requires : i) substantial changes in the traditional workflow, ii) strong leadership skills with smooth teamwork and cooperation of all stakeholders involved in the project, and iii) a customized support of the technical staff throughout the transition period.




Improving Turn-Around Times (TAT) in Clinical Bacteriology

During the last two decades, significant resources were allocated by the industry to develop accurate and faster assays to reduce TAT in clinical bacteriology. Such timely patient management has become even more critical with the steadily increase of antimicrobial resistance. Before the TLA era, the development of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) for the identification of bacteria, mycobacteria, yeasts, and molds has fundamentally replaced the well-established conventional diagnostic methods for identifying microorganisms, which were based essentially on biochemistry testing. In comparison with the conventional phenotype methods or molecular assays used in the identification of microorganisms, MALDI-TOF/MS has several advantages which can be summarized in three points: rapid turnaround time, low specimen volume requirements, and moderate reagent costs (Cherkaoui et al., 2010; Cherkaoui et al., 2011; Gaillot et al., 2011; Kaleta et al., 2011; Tan et al., 2012; Barberis et al., 2014; Verroken et al., 2016; Faron et al., 2017; Chen et al., 2021; Torres-Sangiao et al., 2021). Accurate and rapid identification of microorganisms using MALDI-TOF/MS helped to quickly support treatment decisions, especially when the infecting pathogen was unexpected. Thus, this technology has enabled real improvement in antimicrobial therapy, infection prevention and control measures (Figures 4A, B).




Figures 4 | Improving Turn-Around Times (TAT) in clinical bacteriology by MALDI-TOF/MS. Several studies have highlighted that MALDI-TOF/MS is highly accurate to identify bacteria and yeasts isolated from clinical specimens. This approach is efficient, inexpensive, and rapid. The positive impact of the MALDI-TOF/MS in the enhancement of turn-around times (TAT) was assessed in various reports. (A) Depicts the traditional workflow using manual inoculation of the culture media plates, identification of the pathogen by traditional phenotypic methods, and manual AST by disk diffusion. (B) MALDI-TOF/MS reduces the TATs by an average of 1.45 days in comparison with the traditional phenotypic methods used for identification (Tan et al., 2012). Hence, this approach contributes to swiftly support treatment decisions, especially when the identification of the pathogen is unexpected (Angeletti et al., 2015; Verroken et al., 2016; Theparee et al., 2018). Source of all images: A. Cherkaoui, Geneva University Hospitals.





Automation of Antimicrobial Susceptibility Testing (AST) by Disk Diffusion

Success criteria for TLA should be rapidly visible and related to the objectives defined before the initiation of the project. In addition to the measurable indicators exposed in the previous chapters, we considered also the implementation of a fully automated solution for the antimicrobial susceptibility testing as one of the major indicators of success for our automation project. It is even more relevant in our case because we added a second automation line with the specific purpose to automate AST by disk diffusion. Firstly, we performed an important validation study in which we investigated the agreement at the categorical level between the previous version of the automated AST by disk diffusion proposed by Copan against the SIRscan 2000 automatic, which represents a gold standard in our routine diagnostic. A large panels of resistant and susceptible strains were included in this study. The analysis revealed that the overall categorical agreement between the compared methods yielded to 99% (Cherkaoui et al., 2020). Unfortunately, the implementation of this new method, fully automated, was postponed partly owing to recurrent mechanical issues. The most important breakdown of the system was linked to the antibiotic disk dispensers and the heterogenous quality of the springs contained in the dispensers of the antibiotic disk cartridges. To overcome these issues, the manufacturer developed a new module including a carousel that can hold fifty antibiotic cartridges. This new module was developed also with the explicit goal to minimize the workflow bottlenecks on the AST line by adding a second conveyor belt for the media plates. This new fully integrated and automated system permits: to prepare an inoculum suspensions using au minimum four different colonies in order to capture different resistant patterns; to automatically inoculate the suspensions of bacterial cells over the entire surface of the specific media plates; to dispense antibiotic disks according to predefined panels; to transport the culture media to the incubators; to perform a high-quality digitalized images of the media plates at predefined time point; and finally to extract and interpret the inhibition zones diameters for all the antibiotics tested.

The basic rules to be complied when we seek to assess the accuracy of the fully automated solution for the AST by disk diffusion may be summarized in two points: i) To evaluate the ability of this new method to detect the most important resistance mechanisms, a representative number of non-duplicate clinical strains that expressed a resistant patterns to different classes of antibiotics should be included in the study; II) To determine the percentage of the major errors, mistakenly interpreted as resistant, a great number of non-duplicate susceptible clinical strains should be also included in the analysis. In our previous study we determine the agreement at the categorical level between the fully automation solution proposed by Copan for AST by disk diffusion against the Vitek2 system, which represent one of the principal AST methods used in our routine diagnostic. In this study, we included 718 strains comprising Staphylococcus aureus, coagulase-negative staphylococci, Enterococcus faecalis, Enterococcus faecium, Pseudomonas aeruginosa, and different species of Enterobacterales. All these strains were isolates in our laboratory from non-consecutive clinical specimens. The results of this study showed that the overall categorical agreement between the two compared methods was 99.1%. More importantly, this study revealed a great number of very major errors, mistakenly interpreted as susceptible, for P. aeruginosa when the AST were performed by Vitek2.

All these very major errors were linked to the hetero-resistant subpopulations within the bacteria cells (Cherkaoui et al., 2021).



Routine AST of Anaerobes and Multidrug Resistant Gram-Negative Bacteria

Over the last decade, several reports have highlighted the steadily increase in antibiotic resistance among anaerobic bacteria. The first bacteria species concerned is Bacteroides fragilis. In addition, antibiotic resistance is now also detected among different species that were, until recently, spared by this concern (e.g., Clostridium difficile, Cutibacterium acnes). Consequently, clinicians raised concerns regarding the appropriateness of the empirical therapy (Nagy et al., 2011; Boyanova et al., 2015; Kim et al., 2016). Facing such a challenge, it was essential to perform the susceptibility testing of anaerobic bacteria routinely. As a complement to the fully automated disk diffusion, we tested on a large number of clinically relevant anaerobic strains the accuracy of the Thermo Scientific™ Sensititre™ Anaerobe MIC plate by comparing it with the ATB ANA® test (BioMérieux), our current routine method. The overall categorical agreement between both methods reached 95%, allowing us to implement the Thermo Scientific™ Sensititre™ Anaerobe MIC plate (Cherkaoui et al., 2018). We then decided to design a new plate for multidrug resistant Gram-negative bacteria by integrating the latest molecules used in targeted therapy (Figure 5A). This plate was manufactured by Thermo Scientific™ and validated using reference ATCC strains. This plate is now implemented as our second line testing, whenever AST by disk diffusion has detected defined resistance patterns. This strategy enabled us to effectively monitor antibiotic resistance in our institution at a reasonable cost, by systematically targeting suspect strains, as reported by the automated AST testing. Finally, we also designed a new plate for the routine susceptibility testing of anaerobes, which the antibiotics panel fits better with the treatment guidelines. We included in this panel some new antibiotics, to anticipate the emergence of new resistance mechanisms within this group of bacteria (Figure 5B).




Figure 5 | The antibiotics panels of the MDR (CHE2HUG / Panel A) and anaerobes (CHE1ANA / Panel B) Thermo Scientific™ Sensititre™ plates Source of all images: A. Cherkaoui, Geneva University Hospitals.



The Sensititre® susceptibility system is a micro broth method using dried plate format. Qualitative (susceptible or resistant) and quantitative Minimum Inhibitory Concentration (MIC) results are provided. Dried plates are dosed with serially diluted antimicrobial agents selected for the micro-organisms tested. Strain suspensions are prepared manually and the plates are automatically inoculated using Sensititre AutoInoculator®/AIM®. After incubation, results are read using the Sensititre® manual viewer. Bacterial growth occurs as turbidity or as a deposit of cells at the bottom of a well. The MIC is defined as the lowest concentration of drug that inhibits visible bacterial growth.

Over the last few decades, multidrug-resistant Gram-negative bacterial infections have become one of the major areas of concern in medicine and global health. To optimize the selection of a successful treatment and to deal with the increasing number of carbapenemase-producing Gram negative bacteria, the additional use of Minimum Inhibitory Concentration (MIC) results for last resource drugs has become essential. This allows targeted AST determinations on MDR strains and, when coupled to therapeutic drug monitoring (TDM), permits to select the most appropriate treatments. As agar disk diffusion does not provide MICs, the Sensititre constitutes an interesting complement to the fully automated AST by disk diffusion when deemed necessary, as in the case of MDR strains or for anaerobic bacteria.



Discussion

All clinical microbiology laboratories around the world express the unmet need for improved quality, productivity, reduced turnaround-time (TAT), rationalization of laboratory technologist labor force, and faster diagnostics to reduce the misuse of antibiotics. Responding to these growing needs will require highly effective strategies. In that sense, the implementation of TLA represents an appealing option, given the fact that the bulk of the workload in culture-based analysis relies in specimen handling, media plate inoculation, incubation, culture reading, pathogen identification and antimicrobial susceptibility testing (ID/AST), all of which remaining highly manual processes.

As discussed in the previous chapters, TLA enables rapid results and significantly reduces TAT. In 2020, about 30’000 urine specimens were processed in our lab. Using TLA, the median TAT for negative reports decreased by almost half from 52.1 h (2017) to 28.3 h (2019) (p < 0.001), potentially allowing to stop unnecessary antimicrobial treatments (Cherkaoui et al., 2020). It is important to note that this reduction of TAT was not associated with a loss of analytical sensitivity. Rather, automated processing of urine specimens and optimized incubation periods contributed to higher detection rates for fastidious uropathogens such as Alloscardovia spp. and Aerococcus spp (Klein et al., 2018; Lainhart and Burnham, 2018; Cherkaoui et al., 2019). It is noteworthy to mention that the benefits of TLA for patient care (including drug de-escalation or antimicrobial therapy adjustments) should be further improved, providing trained technologists are available to analyze the on-screen digital images and to report positive cultures results in real time, which would require 24/7 staffing. This represents a real challenge for many laboratories, in terms of costs but also of attracting trained technologists. This is why artificial intelligence (AI), like automated colony recognition, is making its way towards routine microbiology, as it can be coupled to TLA. These applications compare media plate images at time zero and at defined incubation time points in order to identify potential bacterial growth, but also to differentiate bacterial morphologies and enumerate corresponding colonies (Van et al., 2019; Foschi et al., 2021). After careful validation studies, negative cultures may be automatically processed and the results automatically released without human intervention, which further increases the laboratory efficiency and improves the TAT (Faron et al., 2019; Faron et al., 2020; Ford and McElvania, 2020; Dauwalder et al., 2021).

To face the continual increase of antimicrobial resistance and its dramatic consequences, infection control has become a core activity of clinical microbiology labs. The amount of screening specimens for carbapenemase-producing Enterobacteriaceae (CPE), extended-spectrum β-lactamases (ESBLs), methicillin-resistant Staphylococcus aureus (MRSA), and vancomycin-resistant Enterococcus VRE carriage sent into the microbiology labs for analysis has increased thoroughly over the last decade.

In our laboratory, we process about 35’000 screening specimens per year. Using TLA, the median TAT for negative reports decreased by almost half for MRSA screening from 50.7 to 26.3 h (p < 0.001). The difference in median TAT for negative cultures was less pronounced for screening of ESBLs (50.2 vs. 43.0 h) (p < 0.001) and VRE (50.6 vs. 45.7 h) (p < 0.001), but remained significant (Cherkaoui et al., 2020). Several recent reports have also highlighted the positive impact of the TLA on the TAT (Cheng et al., 2020; Zhang et al., 2021; Kim et al., 2022).

Upcoming improvements in TLA will enable positive cultures to be automatically released for MRSA or VRE when chromogenic media are used and analyzed by artificial intelligence algorithms. These algorithms permit recognition of characteristically colored colonies, with performances that can be measured and whose cut-offs can be customized by the labs (Faron et al., 2016a; Faron et al., 2016b). Shortening the TAT could prevent the spread of multi-resistant bacteria and reduce nosocomial transmission, by alleviating unnecessary infection control measures or by prompting specific searches whenever appropriate. Yet, despite these major improvements, the real impact of TLA on medical decisions stumbles upon the reactiveness of the medical teams when the results are delivered by the laboratory information system or when pushed to the physicians’ cell phones.

In the last few years, many countries have experienced a lack of trained microbiological technologists. This problem is further emphasized in the USA. The direct consequences of this shortage in skilled technologists leads to understaffed diagnostic laboratories, which is reflected in delayed analysis results and increased risks for patients (Culbreath et al., 2021; Zimmermann, 2021). Likewise, laboratories have progressively lost their ability to develop customized diagnostic procedures when facing complex cases, not to mention their capability and delay to detect them. In response to this increasing problem, one approach is to optimize the productivity by increasing the number of clinical specimens handled per FTE without compromising the quality nor overloading the staff. TLA has made this possible. Moreover, TLA is devoted to accommodate the constantly increasing demand for clinical bacteriology analyses and to empower the specialized skills of the laboratory technologists by allowing them (i) to dedicate more of their time to the analysis of complex specimens, (ii) to execute new tasks including system troubleshooting (both the instrument and its software), and (iii) to establish, and validate new protocols.

The economic benefits of the implementation of TLA can be measured throughout the increased productivity accompanied by a reduction of the cost per specimen as reported by Culbreath et al. (2021). In this report, the authors determined the economic benefits of the implementation of TLA in four different-sized clinical microbiology labs in North America. They observed that the productivity increased by up to 90%, while the cost per specimen was reduced by up to 47% by using TLA. These measurable improvements led to annual laboratory savings of up to $1.2 million, depending on the size of the lab operations. The integration of the upcoming artificial intelligence tools will ensure further improvement in the efficiency and the quality of the results (Culbreath et al., 2021).

For several years, before the implementation of more stringent laboratory regulation, the practice of using the positive blood culture broth as the inoculum for AST by disk diffusion and some semi-automated AST methods was widely used to speed up the AST results from positive blood cultures, with an acceptable accuracy. The important factors in favor of this method were the following: i) when growth is detected in a positive blood culture, the concentration of bacteria approximates a 0.5 McFarland, and ii) the overwhelming majority of positive blood cultures is mono-microbial (Banerjee and Humphries, 2021). Nowadays this practice becomes less frequently carried out in modern microbiology laboratories, largely due to the actual laboratory regulations and the arrival of new EUCAST guidelines for rapid AST directly from positive blood culture bottles. This method enables the reading of the inhibition zones of certain drugs as early as 4, 6 and/or 8 hours. The performance of this method has been widely assessed in different centers. Thus, 70% and 80% of the inhibition zones diameters can be accurately interpreted at 4h and 6h, respectively (Akerlund et al., 2020; Jonasson et al., 2020). Overall, the EUCAST rapid AST directly from positive blood culture method remains time consuming and its interpretation is more error-prone. However, the advent of the fully automated antimicrobial disk diffusion susceptibility testing on TLA should facilitate the implementation of this method by accommodating this continuously increasing activity with a minimal workload and a high traceability.



Conclusions

TLA has now shown able to accommodate the high diversity and complexity of the procedures required for culture-based testing in clinical microbiology laboratories. Its positive impact on various metrics (clinical challenges, productivity, traceability, quality management, and TAT) have also been thoroughly assessed and published. These advantages have most recently been reinforced by the availability of full automation of AST by disk diffusion.

The implementation of artificial intelligence (AI) to rapidly identify bacterial growth (detection), but also to differentiate bacterial morphologies (segmentation) and enumerate the corresponding colonies (counting) will further enhance the workflow and ensure reproducible and predictable performances. Careful validation studies are now warranted to enable negative cultures to be automatically processed using AI and its results automatically released without human intervention. Finally, TLA systems (using the Colibri coupled to the Radian) will facilitate the implementation of EUCAST rapid AST which can bring several advantages regarding patient outcomes.
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Duck tembusu virus (DTMUV), which causes huge economic losses for the poultry industries in Southeast Asia and China, was first identified in 2010. DTMUV disease has become an important disease that endangers the duck industry. A sensitive, accurate, and convenient DTMUV detection method is an important means to reduce the occurrence of the disease. In this study, a CRISPR/Cas13a system was combined with recombinase polymerase amplification to develop a convenient diagnostic method to detect DTMUV. The novel method was based on isothermal detection at 37°C, and the detection was used for visual readout or real-time analysis. The assay was highly sensitive and specific, with a detection limit of 1 copy/μL of the target gene and showed no cross-reactivity with other pathogens. The enhanced Cas13a detection worked well with clinical samples. Overall, a visual, sensitive, and specific nucleic acid detection method based on CRISPR/Cas13a proved to be a powerful tool for detecting DTMUV.




Keywords: duck tembusu virus, RPA, CRISPR/Cas13a, lateral flow detection, fluorescence detection



Introduction

In April 2010, a new epidemic disease erupted in breeding ducks and laying ducks in Fujian, Hebei, Zhejiang, Shandong, and other provinces in China. The disease is characterized by a sharp loss of appetite and a significant decline in egg production, causing huge economic losses to the duck industry (Cao et al., 2011; Li et al., 2013). In-depth study of its etiology revealed that the disease is caused by duck tembusu virus (DTMUV). For ducks with high egg production rates, the egg production rate drops rapidly to 20%–30% 4–5 days after disease onset, and production stops about 7 days after disease onset (Homonnay et al., 2014; Thontiravong et al., 2015). The disease has become an important disease that endangers the poultry industry (Chen et al., 2014; Dai et al., 2015; Ti et al., 2015; Lu et al., 2016; Peng et al., 2020). For the prevention and treatment of the virus, it is necessary to detect the disease as early as possible and take as many measures as possible to prevent the spread of the virus; therefore, the establishment of a sensitive, accurate, and convenient DTMUV detection method is an important means to reduce the occurrence of DTMUV disease.

At present, the detection of DTMUV is usually based on reverse transcription PCR (RT-PCR), real-time RT-PCR, loop-mediated isothermal amplification (LAMP), and virus isolation (Wang et al., 2011; Jiang et al., 2012; Tang et al., 2012; Yan et al., 2012). These methods are time consuming, labor-intensive, and complicated to operate, and rapid and accurate on-site detection of the virus remains difficult. According to the standards of the World Health Organization, ideal pathogen diagnostic tests are cheap, sensitive, specific, easy to use, and fast, and they can be realized without large-scale equipment (Kosack et al., 2017). Point-of-care testing (POCT) helps to improve efficiency, optimize decision making in a timely manner, and reduce costs, especially in resource-constrained areas (Hansen, 2015; Alp, 2018).

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 13a (CRISPR/Cas13a) is a new type of CRISPR system that only targets RNA. It can specifically cleave single-stranded target RNA under the guidance of CRISPR RNA (crRNA) and has collateral cleavage activity (East-Seletsky et al., 2016; Gootenberg et al., 2017). Zhang and colleagues (Kellner et al., 2019) have developed a diagnostic system called SHERLOCK (specific high-sensitivity enzymatic reporter unlocking) based on CRISPR/Cas13a, which can be used to quickly and easily detect a small amount of RNA in clinical samples. Specifically, the SHERLOCK system is an isothermal amplification system that combines recombinase polymerase amplification (RPA), CRISPR/Cas13a, crRNA, and fluorescent reporter molecules. SHERLOCK can achieve visual readings by combining with lateral flow readout, eliminating the dependence on thermal cyclers (Gootenberg et al., 2018). In recent years, CRISPR/Cas13a-based detection has been successfully applied to detect porcine reproductive and respiratory syndrome virus (PRRSV), Avian influenza A (H7N9) virus, and Ebola virus (EBOV) (Liu et al., 2019; Qin et al., 2019; Chang et al., 2020). In this study, a Cas13a detection method combined with RPA, T7 transcription, and the collateral effect of CRISPR/Cas13a was developed for sensitive, specific, equipment-free, and visual detection of DTMUV targeting the conserved DTMUV E gene.



Materials and Methods


Viruses and Clinical Samples

The DTMUV AH-F10 strain (Zhao et al., 2011) isolated in 2010 in our laboratory was used in the present study (Accession number: KM102539.1). Novel duck parvovirus (NDPV), muscovy duck reovirus (MDRV), duck plague virus (DPV), goose astrovirus (GoAstV), and fowl adenovirus serotype 4 (FAdV-4) were isolated in our laboratory. Newcastle disease virus (NDV) inactivated vaccine was produced by Shandong Lvdu Bio-Sciences & Technology Co., Ltd. 15 tissue samples were collected from different farms.



RPA Primer Design and crRNA Preparation

The RPA primers were selected in the conserved nucleotide region of the E gene. The T7 promoter sequence (GAAATTAATACGACTCACTATAGGG) was appended to the 5′ end of the RPA forward primer. For crRNA preparation, the DNA templates of crRNA were appended with the T7 promoter sequence and synthesized as primers by General Biological System (Anhui) Co. (Table 1). The FAM-N6-BHQ1 probe used in the fluorescent reporter assays was synthesized by General Biological System (Anhui) Co. Two oligonucleotides were annealed to a double‐stranded DNA by using Annealing Buffer for DNA Oligos (Beyotime, China). The double-stranded DNA was purified by gel extraction. According to the instructions of the HiScribe T7 Quick High Yield RNA Synthesis kit (NEB, USA), the double-stranded DNA was transcribed to crRNA. Finally, crRNA was purified using NucAway™ Spin Columns (Invitrogen, USA) according to the manufacturer’s instructions and stored at −80°C.


Table 1 | The crRNA, primers, and probes used in this study.





Nucleic Acid Preparation

The viral genomic nucleic acids of the DTMUV AH-F10 strain, NDPV, MDRV, DPV, GoAstV, FAdV-4, and NDV were extracted with a TIANamp Virus DNA/RNA Kit (Tiangen, China) according to the manufacturer’s instructions and stored at −80°C until use.



Cas13a Nucleic Acid Detection

For RPA, 1 μL of cDNA or DNA was amplified in a 50-μL reaction system for 20 min at 37°C, according to the instructions of the Basic isothermal amplification reagent kit-Powder (Magigen, China). For Cas13a detection with lateral flow detection, the Cas13a reaction system consisted of 50 μL containing 22.5 nM crRNA, 45 nM Cas13a (Magiltd, China), 125 nM FAM-N6-BHQ1 probe, 0.25 μL RNase inhibitor, 2.5 μL NTP Buffer Mix, 0.4 μL T7 RNA Polymerase Mix (NEB, USA), and 1 μL RPA products. Cas13a detection was performed at 37°C for 40 min. The detection products were diluted 10 times with Hybridetect Assay Buffer (Magiltd, China), loaded onto the lateral flow strips (Magigen, China), and placed for 5 min to observe the results. For Cas13a detection with fluorescence detection, the FAM-N6-BHQ1 probe was replaced by the RNA reporter (RNAse Alert v2, Thermo Fisher Scientific, USA) in a 50-μL Cas13a reaction system. Reactions were performed in an ABI StepOnePlus™ (Applied Biosystems, USA) instrument at 37°C for 60 min, and fluorescence intensity kinetics was recorded every 5 min.



Sensitivity and Specificity of the Cas13a Lateral Flow Detection

The E fragments of DTMUV AH-F10 strain were cloned into the pMD-19T vector. Ten-fold serial dilutions of pMD19T-E (1.0 × 108 to 1.0 × 100 copies/μL) were prepared as a template for Cas13a lateral flow detection, then visually observed. The specificity of lateral flow detection was assessed using the genomic cDNA or DNA of a panel of pathogens, including NDPV, MDRV, DPV, GoAstV, NDV, and FAdV-4.



Sensitivity and Specificity of the Cas13a Fluorescence Detection

Aliquots of the DTMUV standard DNA ranging from 1.0 × 108 to 1.0 × 100 copies/μL were prepared as a template for Cas13a l fluorescence detection. The fluorescence intensity was read to determine the limit of detection to evaluate the sensitivity. The specificity of fluorescence detection was assessed using the genomic cDNA or DNA of a panel of pathogens, including NDPV, MDRV, DPV, GoAstV, NDV, and FAdV-4.



Validation With Clinical Samples

A total of 15 ovarian tissue samples were collected from 2018 to 2021 from farms located in Anhui Province where laying ducks had decreased egg production. All samples were used to confirm the applicability of DTMUV-specific lateral flow and fluorescence assays in clinical diagnosis. Then, the results were compared with those obtained with RT-PCR described previously (Liu et al., 2013), which was run in parallel for the above clinical samples. The studies involving animals were reviewed and approved by the Ethics Committee of Anhui Academy of Agricultural Sciences, and the owners of animals provided written informed consent to participate in this study.




Results


Validation of the Cas13a Detection

We performed RPA combined with CRISPR/Cas13a to detect DTMUV according to the schematic diagram in Figure 1. To verify the effectiveness of the designed primers, we performed Cas13a experiments using the RPA products as templates. The experimental group showed that lateral flow detection strips of DTMUV appeared as obvious positive bands (Figure 2A). As shown in Figure 2B, the fluorescence units of the positive group increased rapidly with time until the peak value, while the negative group had no value. The results indicated that the Cas13a lateral flow and fluorescence detection could be used to detect DTMUV.




Figure 1 | Schematic illustration of the workflow for Cas13a DTMUV testing.






Figure 2 | Performance of DTMUV Cas13a lateral flow and fluorescence detection. (A) Analysis of DTMUV by Cas13a lateral flow detection. (B) Analysis of DTMUV by Cas13a fluorescence detection. n = 3 technical replicates; values represent mean ± SEM.





Specificity and Sensitivity of the Cas13a Lateral Flow Detection

When the analytical specificity analysis was conducted, the positive band was observed on the lateral flow detection strip of DTMUV, and the lateral flow detection strips of five other viruses had no positive bands (Figure 3A). As the analytical sensitivity analysis proceeded, positive bands could be observed in the test line on the strips with 1.0 × 108 to 1.0 × 100 copies of DTMUV standard DNA serving as the template (Figure 3B). Thus, the detection limit of the Cas13a lateral flow detection was 1 copy/μL. As mentioned above, these results revealed that the Cas13a lateral flow detection for DTMUV was highly specific and sensitive.




Figure 3 | Specificity and sensitivity of Cas13a lateral flow detection. (A) Specificity of Cas13a lateral flow detection. (B) Sensitivity of Cas13a lateral flow detection.





Specificity and Sensitivity of the Cas13a Fluorescence Detection

In the analytical specificity analysis, only DTMUV was amplified with the development of a typical fluorescence curve, and there was no cross-reaction with other viruses (Figure 4A), suggesting that Cas13a fluorescence detection could be used for the specific detection of DTMUV. The sensitivity of the Cas13a fluorescence detection was tested with 10‐fold serially diluted template DTMUV standard DNA. As shown in Figure 4B, nine orders of magnitude from 1.0 × 108 copies/μL down to 1.0 × 100 copies/μL template could be detected. These data showed that the detection limit of Cas13a fluorescence detection was 1 copy/μL.




Figure 4 | Specificity and sensitivity of Cas13a fluorescence detection. (A) Specificity of Cas13a fluorescence detection. (B) Sensitivity of Cas13a fluorescence detection. n = 3 technical replicates; values represent mean ± SEM.





Cas13a Detection in Clinical Samples

To verify the application of Cas13a lateral flow and fluorescence detection in clinical samples, 15 tissue samples collected from different farms were detected by Cas13a lateral flow, fluorescence detection, and RT-qPCR. Six tissue samples were DTMUV-positive, and nine samples were DTMUV-negative, as determined by Cas13a lateral flow detection. Cas13a fluorescence detection and RT-qPCR displayed the same results as Cas13a lateral flow detection in clinical samples (Table 2). These data indicated that Cas13a lateral flow and fluorescence detection could be used in clinical samples, and Cas13a lateral flow detection does not require expensive equipment.


Table 2 | Detection results of clinical samples in Cas13a lateral flow detection, Cas13a fluorescence detection, and RT-qPCR assays.






Discussion

DTMUV disease was first discovered in parts of southern China in April 2010. DTMUV disease mainly affects ducks in the laying stage (Cao et al., 2011; Li et al., 2013). The disease causes a sharp drop in egg production, resulting in serious economic losses to laying duck farmers, and has a great impact on the breeding industry. Although a DTMUV vaccine has been applied to poultry farms, DTMUV outbreaks still occur in many areas (Lu et al., 2016; Peng et al., 2020; Zhu et al., 2021). Therefore, timely monitoring of DTMUV through diagnosis is essential for early control of the epidemic. At present, most of the available DTMUV detection methods have many shortcomings, such as not being suitable for field detection and low sensitivity. Ideal diagnostic methods are inexpensive, accurate, fast, and easy to operate, and should not require specialized equipment. Therefore, there is an urgent need to develop a specific and sensitive DTMUV detection method with minimal equipment requirements.

In this study, a new method for DTMUV nucleic acid detection based on CRISPR/Cas13a was established, which could detect DTMUV with minimal equipment. In order to determine the appropriate target region, a set of DTMUV genomes were compared and analyzed. According to the comparison results, the RPA primer and crRNA of the DTMUV E gene were designed. In Yan et al.’s study, the detection limit of real-time PCR based on a TaqMan probe was 50 copies per reaction (Yan et al., 2012). In Yun et al.’s study, the detection limit of the real-time PCR method based on minor groove binding was 10 copies per reaction (Yun et al., 2012). The RT-PCR method established by Liu et al., (2013) can detect 20 copies per reaction. In addition, the detection limit of the LAMP method established by Tang et al. can reach 10 copies per reaction, and it does not require much equipment (Tang et al., 2012), but it still has shortcomings such as high target selectivity and cross-contamination, which render the method unsuitable for laboratory research. The method established in this study had a low detection limit of 1 copy/μL for DTMUV and was hence more sensitive than the above method.

Cas13a detection can not only be used for the analysis of fluorescence detection samples but can also be combined with lateral flow detection for visual readout, making it available for use both in the laboratory and in the field. At the same time, the combination of RPA and crRNA-specific sequence identification makes Cas13a detection more specific (Gootenberg et al., 2017). In addition, another important advantage is that Cas13a detection is performed at 37°C, which is convenient for use in poorly equipped laboratories or in the field (Gootenberg et al., 2017; Gootenberg et al., 2018; Myhrvold et al., 2018). The Cas13a detection method has been applied to the detection of other pathogens. Myhrvold et al. utilizes the Cas13-based SHERLOCK platform to detect Zika virus (ZIKV) and dengue virus (DENV) in patient samples at concentrations as low as 1 copy per microliter. Chang et al. used this method to detect PRRSV with specificity and sensitivity, and it was successfully applied to detect clinical specimens from different farms. In conclusion, this method provides a new technical means for the molecular detection of pathogens.

In conclusion, a visual and reliable nucleic acid detection method based on CRISPR/Cas13a was established to identify DTMUV. This is the first report using Cas13a methods to detect DTMUV. The novel method had the advantages of high specificity, high sensitivity, and minimal equipment, particularly in resource‐poor settings.
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Bloodstream infection is a major health concern, responsible for considerable morbidity and mortality across the globe. Prompt identification of the responsible pathogen in the early stages of the disease allows clinicians to implement appropriate antibiotic therapy in a timelier manner. Rapid treatment with the correct antibiotic not only improves the chances of patient survival, but also significantly reduces the length of hospital stay and associated healthcare costs. Although culture has been the gold standard and most common method for diagnosis of bloodstream pathogens, it is being enhanced or supplanted with more advanced methods, including molecular tests that can reduce the turnaround time from several days to a few hours. In this article, we describe two rapid, molecular bloodstream infection panels that identify the most common pathogens and associated genetic determinants of antibiotic resistance – the Luminex® VERIGENE® Gram-Positive Blood Culture Test and the VERIGENE® Gram-Negative Blood Culture Test. We conducted a search on PubMed to retrieve articles describing the performance and impact of these tests in the clinical setting. From a total of 48 articles retrieved, we selected 15 for inclusion in this review based on the type and size of the study and so there would be minimum of three articles describing performance and three articles describing the impact post-implementation for each assay. Here we provide a comprehensive review of these publications illustrating the performance and clinical utility of these assays, demonstrating how genotypic tests can benefit diagnostic and antimicrobial stewardship efforts.
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Introduction

Bloodstream infection (BSI) is a serious, life-threatening illness and a major cause of morbidity and mortality worldwide (Santella et al., 2020; Timsit et al., 2020). Estimates have indicated that BSI affects approximately 30 million people each year, leading to 6 million deaths (Wisplinghoff et al., 2004; Fleischmann et al., 2016). The outcome of BSI can depend on host-specific factors (including age and underlying comorbidities) and microbiological aspects (including the type of the infecting organism and antibiotic susceptibility), but some estimates have indicated that the mortality rate can be as high as 25% to 80% (Kollef et al., 2011; Levy et al., 2014). Prompt initiation of suitable antimicrobial therapy is vital and can significantly improve patient management and decrease the mortality rate in bacteremic patients (Leibovici et al., 1998; Kumar et al., 2006).

Gram-positive pathogens are involved in >50% of all bacterial bloodstream infections, and coagulase-negative staphylococci (CoNS), Staphylococcus aureus, and Enterococcus spp. are the most often isolated gram-positive bacteria in blood cultures (Beekmann et al., 2003; Wisplinghoff et al., 2004; Grozdanovski et al., 2012). At least 30% of hospital-acquired BSIs are due to gram-negative bacteria (Gaynes and Edwards, 2005; Diekema et al., 2019). Infections caused by these pathogens, particularly in hospital-acquired infections, have been linked to a 15% to 29% higher mortality as compared to case controls (Wisplinghoff et al., 2003; Al-Hasan et al., 2012). This is especially true for infections with multidrug-resistant organisms, such as those harboring extended-spectrum β-lactamases (ESBLs) or carbapenemases (Schwaber et al., 2006; Patel et al., 2008; Kaye and Pogue, 2015; Kern and Rieg, 2020).

Although culture with biochemical and susceptibility testing has long been the standard method for diagnosis of bloodstream pathogens, it is being enhanced and, in some cases, supplanted with more advanced methods (Idelevich et al., 2018; Lamy et al., 2020). Among these new and more rapid diagnostic methods are molecular tests that can reduce the turnaround time from several days to a few hours. While implementation of these rapid diagnostics tests may add cost to the clinical microbiology laboratory, they can transform the management of BSI patients by providing antimicrobial stewardship teams the opportunity to quickly escalate therapy and improve patient outcomes through prompt organism identification and detection of resistance determinants, and thus provide a net financial benefit to the institution (Walker et al., 2016).

In this article, we describe two of these rapid molecular bloodstream infection panels, the Luminex® VERIGENE® Gram-Positive Blood Culture Test (BC-GP) and the VERIGENE® Gram-Negative Blood Culture Test (BC-GN), and review some of the key publications that demonstrate the performance and clinical utility of these tests which illustrate how genotypic tests can benefit both diagnostic and antimicrobial stewardship programs. For this review, we conducted a literature search in PubMed® (https://pubmed.ncbi.nlm.nih.gov/) on the product name of each panel. We retrieved a total of 48 citations published between 2013 and 2020. Studies were considered for inclusion if they described a performance evaluation, clinical or economic effects post-implementation, conventional methods were used as comparators, and the research was conducted in a clinical laboratory setting. Publications were then ordered based on the study size or number of samples or subjects included, and selected so that there would be a minimum of three publications on performance and three on clinical/economic impact for each assay. Studies were excluded if the comparator was not an IVD-cleared test. A total of fifteen representative studies have been described for this review.

The VERIGENE Blood Culture Nucleic Acid tests are qualitative, multiplexed in vitro diagnostic tests for the simultaneous detection and identification of bacteria which may cause BSI (Luminex, 2021a). The tests are performed directly on media from blood culture bottles that have been identified as positive (by a continuous monitoring blood culture system), using the sample-to-answer VERIGENE® System.

The VERIGENE System is a moderately complex sample-to-answer molecular diagnostic instrument for direct or post-PCR detection of specific nucleic acid targets (Luminex, 2021b). The system is comprised of the VERIGENE Reader (reader), the Processor SP (sample processor), and the consumables for the specific assay, which include the VERIGENE Test Cartridge (test cartridge), extraction tray, pipette assembly, and utility/amp tray (Figure 1). The reader can be connected to either one or multiple processors. The reader handles sample information, reads the results from test cartridges, and allows the results to be printed, and also provides internal data storage and laboratory information system (LIS) connectivity without the need for an external computer. The processor is a modular, benchtop analysis unit that conducts automated nucleic acid extraction, purification, amplification, and hybridization in each module. The system allows users to run tests as needed in response to testing requirements, without the need for batching, and it is scalable to allow laboratories to customize the throughput to meet their specific needs. The system features a simple user interface and does not require extensive training or specialized facilities. The test cartridges are self-contained, single-use units consisting of a microfluidic cassette containing the hybridization reagents which also captures the waste generated during test processing (the Reagent Pack), and a glass slide as the solid support for the microarray that captures the targeted nucleic acids (the Substrate Holder). Each test cartridge can be used for analysis of one patient sample.




Figure 1 | Composition of the VERIGENE® System. (A) The VERIGENE System includes the VERIGENE Reader, the Processor SP, and the consumables for the specific assay. (B) The VERIGENE test consumables include the VERIGENE Test Cartridge, the extraction tray, the pipette assembly, and the utility/amp tray.



The VERIGENE NanoGrid™ Technology is a novel, proprietary gold nanoparticle probe chemistry that is used for all VERIGENE tests. The gold nanoparticles are 13-20 nanometers (nm) in diameter and can be functionalized with either a defined number of oligonucleotides (oligos) specific for a DNA or RNA target of interest, or a defined number of antibodies specific to a protein of interest. Gold nanoparticle probes can allow for sensitivity that is several orders of magnitude higher as compared to fluorophores (Huang and El-Sayed, 2010). They also enable high specificity for nucleic acid or protein detection and reduce background noise, which creates an enhanced assay signal through an improved signal-to-noise ratio. Gold nanoparticle probes are also stable with a long shelf-life and are non-toxic.

The detection of nucleic acid targets on the VERIGENE System includes: 1) automated nucleic acid extraction and fragmentation (or PCR amplification) from a clinical sample on the processor; 2) automated transfer of the processed nucleic acids into a test cartridge for hybridization; 3) primary hybridization of the target DNA to capture oligos on the microarray; 4) secondary hybridization of specific mediator oligos and gold nanoparticle probes; 5) signal amplification of hybridized probes through silver staining; and 6) automated qualitative reading and analysis of the results on the reader. The time to result from sample input to result is less than two hours. An overview of the workflow as compared to conventional culture methods is shown in Figure 2.




Figure 2 | The VERIGENE® workflow as compared to traditional blood culture. Positive blood cultures are evaluated by Gram stain and the appropriate VERIGENE Blood Culture Nucleic Acid Test is selected. Set-up, running the test, and reporting can be easily completed within 3 hours. With traditional culture-based workflows, subculture can add an additional 12 hours, and resistance testing (when required) can add another day so that the final results may not be available for 48 hours.



Two separate tests are available, for either gram-positive or gram-negative bacteria, and the appropriate test is selected based on the type(s) of bacteria present in the positive blood culture bottle, as determined by Gram stain. The BC-GP and BC-GN tests detect and identify the bacterial species, genera, and resistance markers as shown in Tables 1 and 2, respectively. The VERIGENE bloodstream infection tests allow laboratories to quickly identify bacterial pathogens, as well as their resistance markers. Published studies have shown that these assays lower overall hospital costs, shorten a patient’s length of hospital stay, and improve patient outcomes by supporting a more targeted treatment plan quicker than traditional methods (Rivard et al., 2017). The assays have also been shown to coordinate well with antimicrobial stewardship programs (ASPs), decrease the use of unnecessary antibiotics, and efficiently help manage infection control. (Box et al., 2015; Rivard et al., 2017). A review on cost-effectiveness of rapid diagnostic tests for BSIs found that implementation of BC-GP and BC-GN with an ASP was associated with lower costs than baseline strategy and is a cost-effective approach, although sensitivity analysis showed that the effectiveness is dependent on the probability of mortality or survival (Pliakos et al., 2018).


Table 1 | Targets included in the VERIGENE Gram-Positive Blood Culture test.




Table 2 | Targets included in the VERIGENE Gram-Negative Blood Culture test.





Performance


The Luminex® VERIGENE® Gram-Positive Blood Culture Test

The clinical performance of the VERIGENE BC-GP test was established in a study conducted at five hospital sites geographically distributed across the United States (Luminex, 2020c). A total of 1642 specimens were included in the comparison, comprised of 1426 prospectively collected specimens (1251 fresh and 175 frozen) and 216 simulated specimens utilized for organisms not frequently found in the prospective specimens (i.e., Streptococcus lugdunensis, Streptococcus agalactiae, Streptococcus anginosus group, Streptococcus pyogenes, and Listeria spp.). The simulated specimens were prepared from glycerol stocks grown on blood agar plates and individual colonies were used to inoculate standard aerobic blood culture media bottles containing whole blood. Blood culture specimens positive by culture using either BACTEC™ Plus Aerobic/F or BacT/ALERT FA FAN® Aerobic blood culture bottles and identified as gram-positive were then processed according to conventional biochemical, culture, and bidirectional sequencing identification methods as the reference comparators. The positive percent agreement (PPA), negative percent agreement (NPA), and the two-sided 95% confidence limits (95% CI) observed for detection of each organism and resistance marker (i.e., mecA detection with Staphylococcus aureus and Staphylococcus epidermidis and vanA/vanB detection with Enterococcus faecalis and Enterococcus faecium) are shown in Table 3. Other Staphylococcus spp. were not tested for methicillin resistance by cefoxitin disk; however, 12 tested positive for S. epidermidis and mecA by BC-GP and were counted as false positives for mecA. Altogether, there were 98 mixed specimens of which 6 were detected by BC-GP only, 25 were detected by the reference method(s) only, and 67 were detected by both. Overall, the test was shown to be highly sensitive and specific with the total PPA ≥93.1% in all cases except for vanA linked with E. faecalis, which was 85.7%. The total NPA was >98.2% for all targets, with the exceptions of vanA linked with E. faecium (93.0%) and mecA linked with S. epidermidis (81.5%).


Table 3 | Summary of clinical performance for the VERIGENE Gram-Positive Blood Culture test.



Subsequently, in 2014, Mestas et al. at the Children’s Hospital Los Angeles reported the results of a performance evaluation of the BC-GP assay in 203 pediatric patients, as compared to conventional culture-based identification and susceptibility testing (Mestas et al., 2014). Discordant results were resolved by matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF) or 16S rRNA sequencing. The BC-GP assay demonstrated a concordance of 95.8% (206/215). The targets that are included in the BC-GP test covered 96.4% (215/223) of the recovered isolates. Only 3.0% (6/203) of the blood cultures had invalid results (which were related to the internal processing control) and required repeat testing during the study period, and five of these were correctly identified after one repeat, resulting in an overall correct identification rate of 97.0%. The BC-GP assay showed high accuracy in the detection of the mecA gene in S. aureus and S. epidermidis, and correctly identified 100% of methicillin-resistant S. aureus (MRSA) and 98% of methicillin-resistant S. epidermidis (MRSE), respectively. All vancomycin-resistant E. faecium isolates were also correctly identified but no vancomycin-resistant E. faecalis isolates were isolated during the study period. One limitation they describe in the study is that the test is unable to differentiate between monomicrobial or polymicrobial cultures containing Staphylococcus spp. other than S. aureus, S. lugdunensis, and S. epidermidis, or containing Streptococcus spp. other than S. pneumoniae, S. pyogenes, S. agalactiae, and S. anginosus group. And while multiple organisms could not be determined exclusively from the BC-GP results in 25% of cases, the test was able to correctly detect as least one organism from polymicrobial blood cultures in 93.8% of cases, and accurately identify all targeted bacteria and resistance markers in 81.3% of cases.

To evaluate improvements in turnaround time, blood cultures found positive for gram-positive cocci were routinely reflexed to BC-GP testing, which was run 24 hours a day, 7 days a week. The turnaround times for identification of the targeted bacteria were compared in a 4-month pre-implementation period for conventional testing, and a 4-month period post-implementation of BC-GP. Additionally, the turnaround times for reporting susceptibility results for S. aureus, S. epidermidis, E. faecalis, and E. faecium compared to detection of resistance genes was conducted for the same time periods. Statistically significant differences in turnaround times between the BC-GP and the conventional methods for identification and resistance detection were calculated using a paired t test. Pre-implementation, the average turnaround times for traditional identification and susceptibility reporting were 34.2 hours and 41.4 hours, respectively. After implementation of the BC-GP assay, the average turnaround time was decreased to 4.1 hours for identification and detection of resistance genes. The mean turnaround time for organism identification decreased by 30.1 hours (P<0.0001) and by 37.3 hours (P<0.0001) for resistance marker detection.

The study by Mestas et al. demonstrates that the BC-GP test is highly accurate for identification of gram-positive bacteria and detection of resistance markers, and strong as compared to the routine laboratory methods. Furthermore, successful integration of the test into the routine workflow of the microbiology laboratory resulted in a marked improvement in turnaround times, especially for identification of MRSA and vancomycin-resistant enterococci (VRE).

The same institution published a more comprehensive study in 2018, which included extensive data describing their results over five years after implementation of the BC-GP test (Vareechon et al., 2018). Within five years, a total of 1636 blood culture bottles positive for a gram-positive organism were tested on the BC-GP panel. BC-GP identified gram-positive organisms in 92.9% (1520/1636) of the blood cultures tested. In positive blood cultures, there was a 96.4% (806/834) agreement of BC-GP to the species level. Compared with conventional antimicrobial susceptibility testing (AST), the PPA for BC-GP was 100% for both MRSA (50) and MRSE (365). The NPA for mecA detection in MRSA and MRSE was 99.1% (221/223) and 99.2% (120/121), respectively. The PPA and NPA for vancomycin-resistant E. faecium in BC-GP was 100%. None of the 84 blood cultures positive for E. faecium were positive for vanA/B.

The biggest discrepancy observed was a false-positive rate of 43.1% (25/58) for Streptococcus pneumoniae. Most of these were identified as Streptococcus mitis/oralis (21/25) by conventional testing and this finding was not unexpected since these species share 99% homology at the sequence level. The authors recommended that identification of S. pneumoniae by the BC-GP panel be confirmed by Gram stain plus bile solubility or other test methods. Careful reporting of all S. pneumoniae identified by BC-GP as Streptococcus spp. when atypical Gram stain morphology was present prevented incorrect reporting in cases of viridans group streptococci. The authors further suggested that incorporating a S. pneumoniae antigen test on blood culture broth may complement BC-GP to permit earlier reporting of results for S. pneumoniae.

Overall, the results from this five-year retrospective study confirmed that the BC-GP test has outstanding performance, thus allowing clinicians to de-escalate antimicrobial therapy in the absence of detection of a mecA and vanA/B gene with confidence.

Beckman and coworkers described a study which evaluated the performance of BC-GP on 2115 positive pediatric blood culture specimens (Beckman et al., 2019). The results of BC-GP were compared to the results from conventional culture and susceptibility testing. Of the positive cultures, 1503 were gram-positive by Gram stain and 1231 grew single isolates that were detectable by the BC-GP assay. Out of the 1231 single isolate cultures, 899 were accurately identified to the species level, 282 were identified to the genus, and 50 were not detected by BC-GP. Except for seven organisms, all organisms detected by BC-GP in monomicrobial cultures were also identified as the same organism by traditional methods. There were no differences in the overall agreement for detection of Enterococcus, Streptococcus, Staphylococcus spp., S. aureus, E. faecium, and S. agalactiae. E. faecalis was correctly identified in all but 3 of 88 and S. pyogenes in all but 1 of 25. The seven isolates with results different than the culture method were correctly identified as Streptococcus, but incorrectly as S. pneumoniae, instead of S. mitis/oralis. Polymicrobial growth of gram-positive organisms was found in 112 cultures. Of these, BC-GP correctly identified all organisms present that were included in the panel in 77 cultures. Exceptional overall agreement was also observed for antimicrobial resistance markers, with only five samples (1%) showing discordant results. For almost all isolates, the BC-GP assay result was as useful as conventional culture identification, and the detection of antimicrobial resistance markers was highly accurate. Therefore, the data acquired from BC-GP can be confidently used by clinicians to support antimicrobial selection. Based on review of 20 cases where results of BC-GP disagreed with that of the conventional methods, the authors found little to no impact or effect clinically on patients or their management, which was likely due to the maintenance of empiric therapy, and no patients were placed at an increased risk of harm.



The Luminex® VERIGENE® Gram-Negative Blood Culture Test

VERIGENE BC-GN test performance was determined in a clinical study conducted at twelve institutions across the U.S. (Luminex, 2020a). Of the 1434 specimens enrolled in the trial, 73 were invalid on initial testing (5.1%) but gave a valid result upon retesting (final invalid rate of 2.3%). A total of 1412 specimens were included for evaluation, including 876 prospectively collected specimens (604 fresh and 175 frozen), 239 pre-selected frozen specimens, and 297 simulated frozen specimens. The results of BC-GN were compared to reference culture followed by biochemical identification. Results for bacterial resistance markers were compared to results of PCR amplification, followed by bidirectional sequencing. The PPA, NPA, and two-sided 95% CI observed for detection of each organism and resistance marker are shown in Table 4. Overall, the PPA was ≥92.2% and the NPA was ≥99.4%. Serratia marcescens is not an IVD-cleared target in the U.S. but a separate study conducted at a single site showed a PPA of 88.5% (23/26) (Luminex, 2020b).


Table 4 | Summary of clinical performance for the VERIGENE Gram-Negative Blood Culture test.



The data above were included in a 2015 publication by Ledeboer et al. which described the results from a total of 1,847 blood cultures positive for gram-negative organisms (Ledeboer et al., 2015). The full sample set included 729 fresh, prospective, 781 frozen (prospective or retrospective), and 337 simulated cultures, and represented 7 types of aerobic culture media. Among monomicrobial cultures, the PPA of BC-GN with the reference result ranged from 92.9%-100% for the organism identification targets. The NPA for organism identification ranged from 99.5% to 99.9%. The authors noted that 25/26 cultures containing Klebsiella pneumoniae reported as “not detected” by BC-GN were identified as Klebsiella variicola by subsequent sequence analysis. The PPA for identification of resistance determinants was ≥94.3% and the NPA was >99.9%. The overall PPA and NPA for the eight organism identification targets was 97.9% and 99.7%, respectively. In polymicrobial specimens (with gram-negative appearance on Gram stain), the BC-GN assay accurately identified a minimum of one organism in 95.4% of the cultures and identified all organisms correctly in 54.5%. The prevalence of genetic resistance determinants was low in the prospective sample set (0.0% to 0.6%), except for CTX-M (5.0%), so performance for these targets was assessed using simulated specimens. The PPA for KPC, VIM, and IMP was 100%. The PPA was 98.9% for CTX-M, 96.2% for NDM, and 94.3% for OXA. The NPA was 100% for all but the simulated OXA specimens (99.6%). Overall, the PPA and NPA were 98.3% and 99.9% for the six genetic resistance markers.

The authors stated that a unique advantage of the BC-GN assay versus other rapid identification methods (e.g., MALDI-TOF MS and peptide nucleic acid fluorescence in situ hybridization [PNA FISH]) is the capacity to identify six genetic resistance markers associated with various classes of β-lactam antibiotics. While the frequency of carbapenemases found in this study was low, epidemiology and surveillance data has shown the prevalence steadily increasing over time (Nordmann et al., 2011; van Duin and Doi, 2017). The authors found that the targets included in the BC-GN test enabled identification of the infecting organism in about 90% of the prospective blood culture specimens which contained gram-negative bacilli. They noted that some relatively common gram-negative pathogens, such as Serratia spp., Stenotrophomonas maltophilia, and non-aeruginosa Pseudomonas spp., accounted for 4.4% of the positive cultures but are not included in BC-GN. Additionally, since K. variicola may account for up to 10% of all Klebsiella spp. isolated from clinical specimens, additional sequencing or biochemical testing may be desirable in the event of a K. pneumoniae blood culture identification that was not detected by BC-GN.

As described in the study above, BC-GN identified at least one pathogen in the majority of polymicrobial cultures but could only identify all pathogens present in about half of these cases. Identification of all pathogens present in polymicrobial cultures may be particularly challenging for a technology designed for direct analysis of specimens (e.g., molecular, MALDI-TOF MS, etc.). Use of these tests, such as BC-GN, could be limited in clinical settings due to reduced sensitivity in polymicrobial infections and concomitant concerns for unsuitable antibiotic modification as a result. Although Gram stain is used to confirm the morphology of the organism for appropriate test selection, multiple organisms may have similar appearance by Gram stain. Additionally, when gram-negative organisms are detected in multiple bottles in a set, typically one bottle is prepared for testing and thus the possibility exists that the gram-negative organisms observed in may be different and not all tested using BC-GN. To investigate this potential issue, Claeys and colleagues conducted a retrospective review of 1003 blood culture sets from 2 institutions and found the incidence of missed gram-negative identification to be infrequent at <4% (Claeys et al., 2018a). Since the patient data were not reviewed, a hypothetical analysis was conducted based on assumption that all patients were treated empirically with a gram-negative antibiotic (as directed by their institutional guidelines). Using this analysis, the investigators found that of the missed gram-negative identifications, an adverse impact on patient management could have potentially occurred in <2% of cases. The authors state that it is essential for laboratories to be cognizant of the possibility to miss detection of organisms in polymicrobial cultures so that these cases do not negatively affect stewardship efforts. Even with these known limitations, it is appropriate to trust the BC-GN result in combination with clinical judgment, considering the importance of limiting broad-spectrum antibiotic usage.

While rapid detection of genetic resistance markers in gram-negative BSIs allows quick optimization of empiric antibiotic therapy, how to respond when none are detected is unclear, given the complex nature of gram-negative resistance and the safety of de-escalation in this setting may be unknown. Pogue et al. analyzed the results from 1046 gram-negative blood culture isolates analyzed by the BC-GN test to determine the NPVs of resistance marker absence to predict susceptibility in specific drug-bug combinations at two different sites (Pogue et al., 2018). Except for Pseudomonas aeruginosa, the absence of resistance genes detected by BC-GN mostly predicted susceptibility to target antibiotics at both institutions. NPVs for ceftriaxone susceptibility in Escherichia coli and K. pneumoniae in the absence of either a carbapenemase gene or CTX-M were 93%-94% and 98%, respectively. Similar results were seen for other target bug-drug scenarios, with NPVs of 94% to 100% at both sites, except for P. aeruginosa, where the NPVs were poor. This is most likely related to the complexity of antibiotic resistance in this organism. For all other organisms, susceptibility was mainly predicted by the presence or absence of the resistance determinants included in BC-GN. The results of this study showed that clinicians at these institutions could have confidence in antibiotic de-escalation when no resistance determinants are detected and treatment decisions can be based on the results of the BC-GN test (for both escalation and de-escalation). The authors proposed that the methodology they describe could serve as a blueprint for antimicrobial stewardship to assess how BC-GN performs in these scenarios and optimize management of gram-negative bacteremia in their patients.




Clinical and Economic Impact


Gram Positive Bloodstream Infections

Enterococci are a significant cause of BSI in hospitalized patients and there are few antimicrobial treatments due to numerous resistance mechanisms. Sango and coworkers evaluated the impact of rapid organism identification and resistance detection with the BC-GP assay on the clinical and economic outcomes for 74 patients with bacteremia due to Enterococcus (Sango et al., 2013). This pre/postintervention study compared non-equivalent groups of inpatients with enterococcal bacteremia over 13 months in a quasi-experimental design. Prior to implementation of BC-GP testing, Gram stain results from positive cultures were called to the patient care area and identification and susceptibility results were reported when available. After the BC-GP assay was implemented, an infectious disease and/or critical care pharmacist was notified of the BC-GP results and appropriate antibiotics were recommended. The preintervention group included 46 patients vs. 28 in the postintervention group, with vancomycin-resistant Enterococcus (VRE) bacteremia occurring in 37% and 50%, respectively, which was not significantly different (P = 0.33).

The mean time to appropriate antimicrobial therapy was decreased by 23.4 hours in the postintervention group compared to the preintervention group (P = 0.0054). The mean time to appropriate therapy for patients with a vancomycin-susceptible Enterococcus (VSE) BSI was 18.6 hours in the postintervention group compared to 40.2 hours preintervention, but this decrease was not significant (P = 0.1145). However, for patients with VRE bacteremia, the mean time to appropriate antimicrobial therapy was significantly shorter by 31.1 hours in the postintervention group (P<0.0001). Also, in the postintervention group, the length of hospital stay was significantly shorter by 21.7 days (P = 0.0484) and mean hospital costs were $60,729 lower (P = 0.02) than in the preintervention group. There was not a significant difference in the mortality rates in the two groups. The study shows that microarray technology, such as the BC-GP assay, with support from pharmacy and the microbiology laboratory, can substantially decrease the time to suitable antimicrobial therapy, the length of hospital stay, and hospital costs.

A study reported by Box et al. also demonstrated the clinical and economic impact of rapid diagnostics for BSI (Box et al., 2015). The investigators evaluated the effect of implementing the BC-GP test with real-time support from the antibiotic stewardship team (AST) in a community hospital setting. This pre/post, quasi-experimental study was conducted at the five hospitals in the Scripps Healthcare system. Rapid diagnostic testing using BC-GP was performed at the central laboratory for 12 hours each day and pharmacists notified physicians of the results and assisted with antibiotic modifications. Primary outcomes measured were the average time to targeted antibiotic therapy and the difference in antibiotic duration for contaminant organisms. Secondary end points measured included mortality, length of hospital stay, pharmacy costs, and overall hospitalization costs. Of 167 adult patients with a gram-positive BSI, 103 patients (admitted in 2011) were included in the preintervention group and 64 patients (admitted in 2014) were in the postintervention group.

Implementation of rapid identification using BC-GP in combination with AST intervention improved the average time to targeted antibiotic therapy from 61.1 hours to 35.4 hours (P<0.001) and decreased the average duration of antibiotic therapy for blood culture contaminants from 42.3 hours to 24.5 hrs (P = 0.03). The median length of hospital stay was decreased from 9.1 days to 7.2 days postintervention (P = 0.04), and the overall median hospitalization costs were decreased from $17,530 to $10,290 (P =0.04). Median pharmacy costs were similar ($822 vs. $425, P = 0.11), as were mortality rates at 9.1% and 9.2% (P = 0.98). Rapid identification of gram-positive blood culture isolates with AST intervention has a positive impact on patient outcomes with less time to targeted antibiotic therapy, less time on unnecessary antibiotic therapy, a shorter length of hospital stay, and lower overall hospital costs.

Investigators at Children’s Hospital Los Angeles conducted a study to determine the clinical and economic impact of the BC-GP assay on the diagnosis of gram-positive BSIs in pediatric patients (Felsenstein et al., 2016). Data on time to optimization of antibiotics, length of hospitalization, and hospital cost were collected prospectively following implementation of BC-GP testing and were compared with matching preimplementation data. A total of 440 gram-positive BSI episodes from 383 patients were included, with 219 postimplementation and 221 preimplementation. Polymicrobial infections were included and the pathogens identified were considered when determining appropriate antimicrobial treatment. A pediatric infectious diseases physician and a pharmacist separately assessed the time to antimicrobial optimization, de-escalation, and discontinuation, and the clinical suitability of these decisions. Agreement between the independent assessments was high, and discrepancies were resolved by including another pediatric infectious diseases physician in a third assessment. The overall hospital costs were calculated based on all direct costs incurred within all services during hospitalization, which included lodging, meals, medication, consults, radiology, and laboratory costs.

The time to antimicrobial optimization was shortened by 12.5 hours overall (P = 0.006), and by 11.9 hours specifically for S. aureus (P = 0.005) postimplementation. For patients with likely blood-culture contamination by coagulase-negative staphylococci (CoNS), the duration of antibiotics was decreased by 36.9 hours (P<0.001). The median length of hospital stay for patients admitted to a general ward was 1.5 days shorter (P = 0.04), and the median hospital cost was $3,757 less (P = 0.03) after implementation. For S. aureus BSIs specifically, the median length of hospital stay and overall costs were decreased by 5.6 days (P = 0.01) and $13,341 (P = 0.03), respectively. Mortality within one month of BSI diagnosis was low, trending toward decreased mortality after implementation, but this difference was not significant (5.7% preimplementation vs. 2.6% postimplementation, P = 0.28). Admission rate to the intensive care unit (ICU) was also not significantly different between the two time periods (40.7% vs. 48.1%, P = 0.24).

Eby and colleagues reported the effect of implementing BC-GP testing together with a triggered, mandatory infectious diseases (ID) consultation, to improve management and outcomes of patients with S. aureus bacteremia (Eby et al., 2018). Prior to implementation, S. aureus BSI was identified by conventional culture and the results sent to ASP pharmacists. After implementation, S. aureus BSI in adult inpatients was identified by BC-GP and the results were paged directly to ID fellows, with immediate initiation of a consultation. The ASP supported management after the initial consultation. Retrospective, pre/postintervention analysis was performed on 106 preintervention and 120 postintervention subjects. The time to a consultation after positive blood culture notification was decreased by 26.0 hours (95% CI, 45.1 hours to 7.1 hours, P < 0.001) postintervention as compared to preintervention. The time to starting targeted antibiotic treatment decreased by 21.2 hours on average (95% CI, 31.4 hours to 11.0 hours, P < 0.001) and the time to targeted antibiotics for methicillin-sensitive S. aureus (MSSA) decreased by an average of 40.7 hours (95% CI, 58.0 hours to 23.5 hours, P < 0.001). BC-GP plus intervention also resulted in lower mortality in the hospital (13.2% to 5.8%, P = .047) and a lower 30-day mortality (17.9% to 8.3%, P = .025). A more efficient response to S. aureus BSI with BC-GP testing was associated with improved care and outcomes for these patients.



Gram Negative Bloodstream Infections

Walker et al. conducted a retrospective review of gram-negative BSI in hospitalized patients over 6-months before (98 subjects) and 6-months after (97 subjects) implementing the BC-GN test for detection of gram-negative organisms in positive blood cultures (Walker et al., 2016). Antimicrobial stewardship practices were not changed. Patient demographics, the time to organism identification, the time to effective antimicrobial therapy, and some additional clinical parameters were compared. There was no significant difference between the two groups with respect to comorbidities, cause of bacteremia, or admissions to the ICU, as well as use of immunosuppressive therapies, neutropenia, or bacteremia that was due to organisms that were multi-drug resistant. The BC-GN assay resulted an identification in 87% of gram-negative cultures and was correct in 98% (95/97) of the cases, as compared to results from conventional culture. Organism identification was completed faster after BC-GN implementation (mean = 10.9 hours vs. 37.9 hours, P<0.001). Length of ICU stay was 4.2 days shorter (P = 0.033) and the 30-day mortality was 11.1% lower (P = 0.037). The mortality associated with multidrug-resistant organisms occurred in 1 of 8 cases postintervention vs. 12 of 19 cases in the preintervention group (P = 0.033). Implementation of effective therapy was significantly faster in the postintervention cases for extended-spectrum beta-lactamase (ESBL)-producing organisms (P = 0.049), but not significantly faster overall (P = 0.12). The authors estimated the cost per BC-GN test to be $99 but the average net savings per ICU patient would be $11,661. The data show the BC-GN assay was a valuable tool for early identification of gram-negative organisms BSIs and had a significant impact on patient care, especially when genetic resistance markers were detected.

The effect of BC-GN together with an antimicrobial intervention on clinical outcomes was also investigated by Rivard and co-workers in a large pre/post implementation study conducted at The Cleveland Clinic on 877 patients (456 preimplementation and 421 postimplementation) with a gram-negative BSI (Rivard et al., 2017). The main objective was to compare the time from Gram stain to an antimicrobial change. Then the time from Gram stain to effective treatment, the in-hospital mortality rate, and the length of hospital stay were also compared. Prior to implementation of BC-GN, microbiological services were not centralized and blood cultures were processed at regional facilities during two shifts, whereas blood cultures at the academic medical center were processed 24 hours per day. After implementation of BC-GN, an active ASP was utilized with centralized microbiological processing. Both groups had daily audits and feedback on antimicrobial therapy by the ASP pharmacists to identify possible optimization based on the results. An institutional guideline was developed to guide therapy recommendations.

The number and types of antimicrobial changes were similar between the groups. The median time from Gram stain to an antimicrobial change was significantly less in the postimplementation group at 28.6 hours, compared to 44.1 hours in the preimplementation group (P = 0.004). Time to effective therapy for patients on inappropriate therapy at the time of Gram stain was reduced in the postimplementation group (8.8 hours vs. 24.5 hours, P = 0.034). Additionally, the median length of hospital stay was also decreased in the postimplementation group to 7 days compared to 9 days preimplementation (P = 0.001). The in-hospital mortality rate was similar at 11.6% (preimplementation) vs. 11.4% (postimplementation), P = 0.87. This evaluation supports the incorporation of rapid diagnostic technologies, such as the BC-GN test, into antimicrobial stewardship programs.

A study reported by Claeys et al. investigated the possible impact of an antibiotic treatment algorithm, driven by stewardship and incorporating rapid testing by the BC-GN test into the management of gram-negative bacteremia (Claeys et al., 2018b). This retrospective, observational study of adult patients included a total of 188 patients with gram-negative BSI, of which 144 (76.5%) were positive for organisms targeted by BC-GN. The evaluation employed an AMS-driven treatment algorithm based on data from institution-specific antibiograms with an evidence-based practice for managing drug-resistant gram-negative organisms.

Susceptibility in vitro was higher overall with antibiotics recommended by the algorithm as compared with the standard practice for isolates that could be assessed (92.1% versus 77.8%). Among the 144 patients with BC-GN panel organisms, there was a modest level of agreement between reviewers on the suitability of the standard antibiotics (κ = 0.735) but a strong level of agreement for those recommended by the algorithm (κ = 0.855). The algorithm proposed would have allowed 88.4% of cases to receive appropriate antibiotic therapy versus only 78.1% by the standard of care antibiotics (P = .014). The AMS treatment algorithm would have led to a 14.4% appropriate de-escalation, a 4.8% inappropriate de-escalation, a 5.3% appropriate escalation, and a 16.0% unnecessary escalation. The presence of a polymicrobial gram-negative BSI, a central line source for a gram-negative BSI, Acinetobacter spp., Enterobacter spp., and/or an OXA+ resistance determinant was associated with inappropriate recommendations by the AMS treatment algorithm (P <.05). The authors concluded that the ability to develop a treatment algorithm based on institutional antibiogram data and combined with evidence-based practices and BC-GN results, had the possibility to improve the percentage of gram-negative BSI patients receiving timely appropriate antimicrobial therapy.




Conclusion

Technological advances in molecular methods have revolutionized the approach to diagnosis of microbial pathogens in the microbiology laboratory. As these sophisticated methods have become faster, more automated, and simpler to use, they can be easily implemented into the laboratory workflow and have become an integral part of the routine testing repertoire in most diagnostic laboratories.

Although conventional culture techniques remain the foundation for diagnosis of BSIs in most microbiology laboratories, a move toward novel technologies that can identify pathogens and resistance markers directly from blood culture is critically important to optimize treatment and improve patient outcomes. Fortunately, several of these technologies have become available in the last decade to aid in diagnosis of BSIs. Rapid molecular tests, such as the VERIGENE Blood Culture Nucleic Acid Tests, which allow direct identification of bacteria and genetic resistance markers from positive blood cultures, have been shown to perform with extremely high sensitivity and specificity.

It should be noted that there are some limitations to the use of molecular tests for diagnosis of bloodstream pathogens as such tests can only identify those pathogens included in the panels (Lamy et al., 2020). In addition, detection of genetic resistance markers does not preclude phenotypic resistance due to other mechanisms. Identification of the pathogens present in a polymicrobial culture is also difficult and could impact the clinical use of tests such as BC-GN, as a lower sensitivity when multiple pathogens are present could limit the ability to modify antibiotic treatment. And, as reported for BC-GP, differentiation of S. pneumoniae from S. mitis/oralis is particularly challenging for a molecular test, since the organisms share a 99% sequence homology. Therefore, it would be prudent to confirm S. pneumoniae results with additional tests and to refrain from reporting it to the species level.

Altogether, the studies reported in the literature and reviewed here prove the clinical utility of such testing and clearly demonstrate the positive impact on patient outcomes and reduction of overall healthcare costs. Furthermore, the data described here builds the case for these rapid molecular methods as key components in the approach to both diagnostic and antimicrobial stewardship in the healthcare system.
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Objectives

Metagenomic next-generation sequencing (mNGS) has been applied more and more widely for the diagnosis of infectious diseases, but its performance in the diagnosis of cryptococcal meningitis (CM) remains unclear.



Methods

Cerebrospinal fluid (CSF) samples from 197 HIV-negative patients with suspected central nervous system infections were tested simultaneously by mNGS and routine methods [India ink staining, fungal culture, or cryptococcal antigen (CrAg) tests]. The performance of mNGS was evaluated.



Results

Of the 197 enrolled cases, 46 (23.4%) cases were finally diagnosed with CM, including 43 (93.5%) Cryptococcus neoformans infections and 3 (6.5%) Cryptococcus gattii infections. The sensitivity, specificity, positive predictive value, negative predictive value, and concordance rate of mNGS were 93.5% [95% confidence interval (CI) at 86.4%~100.0%], 96.0% (95% CI at 92.9%~99.1%), 87.8%, 98.0%, and 95.4%, respectively. Comparing to the conventional diagnostic methods, the sensitivity and concordance rate of mNGS were slightly lower than those of CrAg tests (97.4%) but higher than those of India ink (63.0%) and culture (76.7%). Besides, mNGS had a sensitivity of 100.0% against culture. It should be noted that mNGS could identify Cryptococcus at species level; C. gattii of the 3 cases was only distinguished by mNGS.



Conclusions

CSF mNGS can be considered as a supplementary test to diagnose CM and directly distinguish C. gattii from C. neoformans in clinical specimens.
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Introduction

Culture of cerebrospinal fluid (CSF) is the “gold standard” for the diagnosis of cryptococcal meningitis (CM) (Perfect et al., 2010), a serious opportunistic fungal infection caused by Cryptococcus neoformans or Cryptococcus gattii, with novel cases of Papiliotrema laurentii and Naganishia albida (Khawcharoenporn et al., 2007; Smith et al., 2017), but it has poor timeliness and low positivity rate for patients receiving antifungal drugs. India ink staining microscopy (India ink) of the CSF is an economical and rapid method, but it has low sensitivity and its performance is affected by the experience of test performers. Cryptococcal capsular polysaccharide antigen (CrAg) test in the CSF is currently the diagnostic assay with the highest sensitivity and specificity (both above 96%) (Boulware et al., 2014), but it cannot determine the presence of infection, detect antigen-deficient strains (Rajasingham et al., 2019), or distinguish specific species. In addition, CrAg antibodies in use are mostly produced by stimulation with C. neoformans, which may show low affinity to non-C. neoformans strains like C. gattii and P. laurentii, resulting in decreased sensitivity (99% to 25%) (McMullan et al., 2013; Ragupathi and Reyna, 2015; Smith et al., 2017). Therefore, the method for CM diagnosis is still unsatisfactory. In China, about 40%–66.9% of CM patients are sporadic, HIV-negative, and have no apparent immune deficiency (Lui et al., 2006; Zhu et al., 2010; Liu et al., 2020; Zhang et al., 2020), where it requires more clinical predictions to assign diagnostic tests.

Metagenomic next-generation sequencing (mNGS, also known as high-throughput sequencing) is a genomics-based microbial detection technology developed in recent years (Wilson et al., 2018; Wang et al., 2019; Miller et al., 2019). From 2014 onward, it has been moving gradually from the laboratory toward clinical diagnostic applications, with successful detection of various types of microorganisms such as viruses, bacteria, mycobacteria, fungi, and parasites in clinical samples, showing powerful pathogen detection capabilities. Through alignment to the species-specific sequence of genomes, mNGS can distinguish C. neoformans from C. gattii and identify coinfections (Xing et al., 2019), which has advantages in identifying strains directly from clinical specimens. Recent studies and case reports with small sample sizes have demonstrated the capability of mNGS to identify fungi like Cryptococcus from CSF samples (Wilson et al., 2018; Ramachandran et al., 2019; Wang et al., 2019; Wilson et al., 2019; Xing et al., 2019; Ji et al., 2020; Xing et al., 2020), with preliminarily assessed lower limit of detection (LOD) for C. neoformans at about 0.2 CFU/ml (Miller et al., 2019). However, there is yet no systematic evaluation of its performance for the diagnosis of CM, and the clinical significance of mNGS remains unclear.

This study retrospectively recruited HIV-negative patients suspected with acute or subacute central nervous system (CNS) infections whose CSF samples were assigned to both mNGS and routine cryptococcal diagnostic tests (India ink, fungal culture, or CrAg tests) simultaneously in a diagnostic cohort study, with the aim to evaluate the diagnostic performance of mNGS.



Methods


Study Design and Subjects

This study is approved by the Medical Ethics Committee of the Third Affiliated Hospital of Sun Yat-sen University [approval no (2021). 02-264-01]. The subjects or the guardians of patients with severe cognitive impairment had provided written consent for research and publication.

In this study, data on 207 Chinese Han HIV-negative cases were screened between July 2018 and December 2019 at the Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, China. Among them, 10 cases were excluded due to loss of information or obvious contamination. Finally, we recruited 197 patients. Inclusion criteria are as follows: 1) Suspected with acute or subacute CNS infection (course duration ≤6 months) with at least one or more of the following clinical manifestations: fever (≥38°C), headache, vomiting, convulsions, meningeal irritation, focal neurological deficits, altered consciousness or lethargy; and at least one of the following conditions should be satisfied: A, abnormal CSF: increased white blood cell (WBC) counts (>5 × 106 cells/ml) and/or increased total protein levels (>0.5 g/L) and/or decreased glucose levels; B, brain imaging suggesting pathological infection or inflammatory changes; 2) CSF samples had been tested by mNGS together with at least one routine cryptococcal diagnostic tests (India ink, fungal culture, or CrAg tests); 3) Written consents of lumbar puncture and mNGS were obtained; 4) Age ≥14 years old. Exclusion criteria are as follows: 1) Incomplete data or loss of follow-up (follow-up ≤1 month); 2) Puncture bleeding; 3) Risk of obvious contamination: mNGS detected more than 2 similar microorganisms (Miller et al., 2019).



mNGS Procedures and Positivity Standard

A sample of about 2 ml CSF was collected and sealed sterilely and then stored below -20°C or shipped on dry ice to perform PACEseq mNGS test immediately (Hugobiotech, Beijing, China), where technicians had no access to patients’ clinical data. Here, 200 μl of CSF specimen was centrifuged at 5,000g at room temperature for 10 min, and DNA was extracted from the supernatant using a TIANamp Micro DNA Kit (DP316, Tiangen Biotech). A “No template” control (NTC) was also included for each run. The sequencing libraries were constructed via QIAseq ™ Ultralow Input Library Kit (Illumina) according to manufacturer’s recommendations. The library concentration and quality were checked using Qubit (Thermo Fisher) and agarose gel electrophoresis. The qualified libraries with different tags were pooled together and amplified and then sequenced by Nextseq550 system (Illumina) for 150 cycles with the high-output Reagent Kit (Illumina) to generate raw data with 5–10 million total reads per sample (Ji et al., 2020).

High-quality data were generated after filtering out adapters and low-quality, low-complexity, and short (<50 bp) reads, and then the human sequences were excluded by mapping reads to the human reference genome (hg19) using Burrows–Wheeler alignment (Li and Durbin, 2009). Finally, to get the microbial compositions of the sample, the remaining data were aligned to the microbial genome database built locally, downloaded from the National Center for Biotechnology Information (ftp://ftp.ncbi.nlm.nih.gov/genomes/), containing genomes of tens of thousands of known microorganisms such as bacteria, archaea, mycoplasma, chlamydia, rickettsia, spirochetes, viruses, and fungi. Besides, the sequencing depth, coverage, and species-specific read number (using genus instead if not matched to any specific species) of each microorganism detected were recorded, and the species-specific read number was further normalized to per megabyte of data and defined as reads per million (RPM), referring to the sequence abundance, and the RPM ratio (RPM-r) was calculated (Miller et al., 2019), defined as RPMsample/RPMNTC (if RPMNTC = 0, RPM-r = RPMsample).

For Cryptococcus, the diagnostic criteria for positive results included the following: 1) The coverage of Cryptococcus was in the top 10 of the list of eukaryotes; 2) RPM-r ≥5 [considering the low sequence abundance and low risk of contamination (Bittinger et al., 2014; Schlaberg et al., 2017)] or RPM-r ≥1 (if RPMNTC = 0 and Cryptococcus not in the local database of common background microorganisms).



Conventional Diagnostic Tests and Etiological Diagnosis

The CSF samples of the enrolled patients all underwent blinded mNGS and traditional cryptococcal diagnostic tests according to the routine diagnostic procedures, including 1) fungal culture (Culture); 2) India ink staining microscopy (India ink); 3) lateral flow immunoassays of CrAg (CrAg-LFAs) (Dynamiker Biotechnology, Tianjin, China).

Etiological diagnoses of cases relied on conventional tests performed together but not mNGS. Patients with positive Cryptococcus results by culture or India ink were confirmed with cryptococcal infections [1]. For patients with positive CrAg but negative culture and India ink Cryptococcus results, other pieces of clinical evidence, including clinical symptoms, CSF test result, outcomes of antifungal treatment, and the possibility of other infection should be considered.



Statistics and Analysis

Baseline data were collected, and the patients were divided into two groups according to etiological diagnosis: cryptococcal CNS infection and non-cryptococcal infection (viruses, bacteria, immune inflammation, tumor, etc.). The clinical characteristics and the detected Cryptococcus species and their RPM levels were compared. The categorical variables were described by the number of cases (percentage). The chi-square test (independent data) was used for comparison between groups. The continuous variables were described in median (lower quartile, upper quartile). The Kruskal–Wallis H test was used for comparison between multiple groups, and the Mann–Whitney U test was used for pairwise comparison. A P-value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS 25.0 software.




Results


Baseline Data and Etiological Diagnosis

In these 197 cases enrolled in this study (Figure 1), 46 (23.4%) cases and 151 (76.6%) cases were etiologically diagnosed as cryptococcal CNS infections and non-cryptococcal infections, respectively. Infections of C. neoformans and C. gattii accounted for 43 (93.5%) and 3 (6.5%), respectively. The baseline information and clinical data of the enrolled cases are shown in Table S1.




Figure 1 | Overview of patient enrollment, metagenomic next-generation sequencing (mNGS) results, and etiological diagnoses. After exclusion of 10 cases, 197 patients with suspected central nervous system (CNS) infection were enrolled in this study. Of these patients, 46 were diagnosed with cryptococcal CNS infection by at least one routine cryptococcal diagnostic test; the other 151 cases were diagnosed with non-cryptococcal infections. The sensitivity and specificity of mNGS in detecting Cryptococcus were 93.5% and 96.0%, respectively.





Cryptococcus Diagnostic Results

The results of the conventional methods (culture, India ink, and CrAg) and mNGS in the 46 cases diagnosed with CM were shown in Figure 2. There were 19 cases diagnosed positive by all of the three traditional methods. Fifteen cases were positive by two traditional methods: 4 (culture and India ink) + 8 (culture and CrAg) + 3 (India ink and CrAg). There were 12 cases with positive results by only one conventional method (2 by culture, 3 by India ink, and 7 by CrAg). It should be noted that the 7 patients diagnosed with CM only by CrAg had corresponding symptoms and abnormal CSF results, which were significantly improved after antifungal treatment, and the possibility of other infectious diseases was ruled out.




Figure 2 | Venn diagram of results of traditional cryptococcal tests and metagenomic next-generation sequencing (mNGS) in 46 patients with cryptococcal central nervous system (CNS) infection. The number of cases detected using culture, India ink, cryptococcal capsular polysaccharide antigen (CrAg), and mNGS was 43, 46, 38, and 46, respectively.*, six mNGS false-positive cases validated by traditional cryptococcal diagnostic tests.





Evaluation of mNGS Diagnostic Performance on Cryptococcal CNS Infections

The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and concordance rate of mNGS for the diagnosis of CM using CSF were 93.5% [95% confidence interval (CI) at 86.4%~100.0%], 96.0% (95% CI at 92.9%~99.1%), 87.8% (95% CI at 79.0%~96.6%), 98.0% (95% CI at 95.7%~100.0%), and 95.4%, respectively (Table 1). These results showed excellent diagnostic power of mNGS, albeit a few false positives.


Table 1 | The performance of mNGS in the diagnosis of cryptococcal CNS infection.



The performance of mNGS in diagnosing cryptococcal infections was evaluated by comparing to that of the three conventional methods. The sensitivity, specificity, and concordance rate of the mNGS, India ink, fungal culture, and CrAg methods were shown in Table 2. The sensitivity of mNGS was slightly lower than that of CrAg but significantly higher than that of India ink and fungal culture. The specificity of mNGS was not as good as that of the three traditional tests. The concordance rate of mNGS was between that of CrAg and fungal culture.


Table 2 | Comparison among mNGS and traditional tests for the diagnosis of cryptococcal CNS infection.



Culture is considered as the “gold standard” for Cryptococcus detection. We further evaluated the mNGS detection results against fungal culture. mNGS reached 100% sensitivity and 100% NPV against culture (Table 3), demonstrating its great power in the diagnosis of cryptococcal infections.


Table 3 | The performance of mNGS against the “gold standard” culture method.






Discussion

To the best of our knowledge, this is the first study to evaluate the diagnostic performance of mNGS for CM in HIV-negative patients. In this study, the sensitivity of mNGS for the diagnosis of cryptococcal infections was slightly lower than that of CrAg but higher than those of India ink and culture, and its specificity was slightly lower than that of the traditional methods, with the concordance rate between that of CrAg and culture. Furthermore, when comparing with the “gold standard” culture method, the sensitivity and NPV of mNGS reached 100.0%, indicating its excellent diagnostic performance. Xing et al. (2019) reported that in 12 cases with India ink- or fungal culture-positive CSF samples, mNGS positivity rate was 75% (9/12), not as good as India ink and fungal culture together (10/12), possibly due to the relatively small sample size.

The false positives of mNGS here were all with very low sequence abundance possibly due to cross-contamination during sampling, as our hospital is a regional CM diagnosis and treatment center in China. It is speculated that false positives would be rare in community hospitals. The false-negative cases were all positive for CrAg assays, and all received antifungal therapies prior to sampling. It could not be excluded that these patients had already cleared the Cryptococcus in CSF. After removing the cross-contamination, it was speculated that the sensitivity of mNGS could be comparable to the reported sensitivity (92.9%–96%) of FilmArray (BioMerieux) multiplex PCR for meningitis and encephalitis (Li and Durbin, 2009; Rhein et al., 2016; Liesman et al., 2018), and mNGS could have similar diagnostic value as cryptococcus nucleic acid assays, not just as a screening measure. The sensitivity of mNGS could be improved because the human sequence accounted for more than 95% of the original data, whereas the reads for pathogens were only a small part of it (Simner et al., 2018). To optimize mNGS performance, the next research direction should focus on the efficient removal of human sequences and the enrichment of pathogen sequences (Hasan et al., 2016; Ji et al., 2020). Besides, the collection, transportation, handling of samples, DNA extraction, library construction, procedure standardization, and bioinformatics analysis could all have an impact on the mNGS results (Chiu and Miller, 2019).

mNGS has the following advantages as a diagnosis or screening measure for CM: 1) mNGS has better screening ability and is able to detect mixed infection. mNGS can simultaneously detect a variety of bacteria (including Mycobacterium tuberculosis, nontuberculosis mycobacteria) and fungi, without clinical prediction and primer preparation for the presumed pathogens, and it is highly sensitive to Cryptococcus. 2) mNGS can assist the diagnosis of atypical cases. In our study, mNGS detected Cryptococcus in 7/10 culture-negative samples with India ink or CrAg tests single positive, which offered important support for diagnoses. After prior antifungal treatment, the decline of cryptococcal load and cryptococcal activity or the deficiency of capsular polysaccharide synthesis may lead to the negative results in fungal culture and India ink staining, which may interfere with clinical judgment. In theory, antifungal drugs killed fungi releasing nucleic acid more into the CSF (Miao et al., 2018). Therefore, mNGS may have the advantages in these cases. Secondly, mNGS also has the advantage in detecting DNA from the capsular polysaccharide antigen-deficient strain and non-C. neoformans strains. 3) mNGS can directly distinguish C. neoformans from C. gattii. In China, C. neoformans infection is the most prevalent, while C. gattii accounts for only 3.4%–7.0% cases (Dou et al., 2015). However, the disease progression and treatment strategy of C. gattii infection is significantly different from that of C. neoformans infection, such as the higher possibility of neurological complications, the poorer response to multiple antifungal drugs, and the longer period of antifungal treatment (Dou et al., 2015). The traditional strain identification required a positive culture, but fungal culture has a low positivity rate and is very time-consuming, especially after exposure to antifungal drugs. Therefore, it is difficult to guide clinical decision-making. mNGS distinguishes different fungal species by their nucleic acid sequences, simple and fast, providing useful information for diagnosis and treatment. In theory, it could also identify Papiliotrema laurentii and Naganishia albida; however, these two strains were not detected in this study.

The current cost for mNGS tests is still very high, and the timeliness is not as good as that of India ink staining or CrAg tests. Furthermore, the antifungal drug resistance analysis is not yet available. mNGS could not replace the traditional diagnostic test for CM and is not recommended for routine use. However, it can be used as a good supplementary test because the results have a high degree of credibility and suggest a present infection. In addition, it has advantages in direct strain identification from clinical specimens, which contributes to clinical decisions.

There are several limitations in our study. Firstly, the Cryptococcus nucleic acid assays like PCR were not performed to compare the diagnostic ability. Secondly, quite some cases received antifungal treatment before sampling, which might affect the sensitivity to some extent. Furthermore, since the culture for non-C. neoformans strains was all negative, we could not assess the accuracy of mNGS to identify Cryptococcus strains.

In this study, we evaluated the value of mNGS in the diagnosis of CM in HIV-negative patients. Compared to the conventional methods, mNGS had a higher sensitivity than culture and India ink. The diagnostic ability of mNGS was comparable to that of CrAg method, indicating its excellent diagnostic performance. In addition, mNGS can directly distinguish C. gattii from C. neoformans in clinical specimens. Our findings indicated that mNGS using CSF can be considered as a supplementary test to diagnose CM.
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Rapid and accurate identification of pathogens causing infections is one of the biggest challenges in medicine. Timely identification of causative agents and their antimicrobial resistance profile can significantly improve the management of infection, lower costs for healthcare, mitigate ever-growing antimicrobial resistance and in many cases, save lives. Raman spectroscopy was shown to be a useful—quick, non-invasive, and non-destructive —tool for identifying microbes from solid and liquid media. Modifications of Raman spectroscopy and/or pretreatment of samples allow single-cell analyses and identification of microbes from various samples. It was shown that those non-culture-based approaches could also detect antimicrobial resistance. Moreover, recent studies suggest that a combination of Raman spectroscopy with optical tweezers has the potential to identify microbes directly from human body fluids. This review aims to summarize recent advances in non-culture-based approaches of identification of microbes and their virulence factors, including antimicrobial resistance, using methods based on Raman spectroscopy in the context of possible use in the future point-of-care diagnostic process. 
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Introduction

Microorganisms play irreplaceable roles in human existence—we can find them everywhere. In fact, human bodies include more microbial cells than their own cells (Sender et al., 2016). At the same time, it is estimated that approximately 1400 pathogens (including bacteria, fungi, viruses, protozoa, and helminths) can cause infections in humans (Balloux and van Dorp, 2017; Franco-Duarte et al., 2019).

Despite enormous progress in medicine during the last decades, accurate and rapid species-level identification of pathogens causing infections and their virulence factors (including antimicrobial resistance and ability to form biofilms) still poses a challenge. It is important to accent that timely identification and characterization of pathogens is essential for choosing a suitable tailored antimicrobial treatment and proper management of patients. This, in turn, leads to the shortening of hospital stays, reducing costs and time to adequate treatment, increasing the wellbeing of patients, reducing the spread of antimicrobial resistance, and, above all, saving the lives of many patients.



Identification of Microorganisms

Basically, we can divide existing identification methods into two groups: culture-based and direct approaches (without cultivation). Major advantages and disadvantages of established methods are summarized in the Table 1.


Table 1 | Summary of current advantages and disadvantages of Raman spectroscopy in microbiology.



Culture-based approaches are widely used in clinical diagnostics; they could be considered “golden standards”. Cultivation provides large amounts of microbial cells for further testing and offers a way to separate different microbes from a mixed culture. This allows the application of various identification and characterization methods separately or in combinations. However, it also makes the culture-based methods relatively time-consuming, expensive, and labor-demanding. Methods commonly used in clinical diagnostics include biochemical testing and mass spectroscopy-based methods. Due to the ever-growing problem of antimicrobial resistance, additional testing of antimicrobial susceptibility (AST) is often required. Conventional AST methods include disk diffusion, gradient diffusion, microdilution, and E-test—all of them require the cultivation step (Khan et al., 2019).


Mass Spectrometry

As an alternative to biochemical testing, matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS) has become a revolutionary, widely used tool in numerous clinical diagnostic laboratories. The method is based on the ionization of chemical compounds and measurements of their mass to charge (m/z) ratio. These create a specific microbial fingerprint (a peptide mass fingerprint) allowing identification upon comparison with databases. The whole process takes only minutes and can distinguish even between the most closely related microbial species (Bader et al., 2011; Hendrickx et al., 2011; Lee et al., 2017; Rychert, 2019) and detect antimicrobial resistance (Burckhardt and Zimmermann, 2018; Florio et al., 2020). However, the procedure involves multiple-step-sample preparation and relatively costly consumables. The expensive MALDI-TOF MS device makes the method unaffordable for laboratories in developing countries (Yonetani et al., 2016; Peng et al., 2019).



Direct Methods

Direct methods, besides characterization of microbes and screening, can be used for the identification of microbes in mixed samples as well as for identification of non-culturable microbes (Ramamurthy et al., 2014; Franco-Duarte et al., 2019). They are predominantly based on microscopy, serology, or molecular analyses and do not require cultivation.



Microscopy

Microscopy techniques (bright-field microscopy, dark-field microscopy) can give some indication of the presence of microbes in a sample (Franco-Duarte et al., 2019). A combination of microscopy techniques with other tools/procedures can be used to increase the identification power. Examples include fluorescent dyes (Amann and Fuchs, 2008; Sabnis, 2015), scanning electron microscopy (SEM) (Relucenti et al., 2021), transmission electron microscopy (TEM) (McCutcheon and Southam, 2018), confocal microscopy (CLSM) (Cardinale et al., 2017), and atomic force microscopy (ATM) (James et al., 2016). These methods are also considered valuable in biofilm studies. A disadvantage of direct microscopy methods is an unspecific result not allowing accurate identification unless combined with additional procedure/tools, which makes the process costly and time-demanding.



Serological Methods

Serological methods used in clinical diagnostics include the detection of antigens and antibodies. They are usually highly specific and must be ordered in a goal-directed manner (e.g., confirmation or exclusion of certain infectious agents). The positivity of antibody tests may be delayed due to the dynamics of antibody production in the human body. Besides, the immune response of the hosts usually has polyclonal nature and is influenced by genetic factors as well as environmental factors. Therefore, the reaction of a patient´s serum with an analytical system is not precisely predictable and there might be some variations. During the detection of antigens, antigenic variations (leading to different serotypes) might cause problems (Fierz, 2003).



Molecular Methods

The advent of the “genomic era” brought an astounding array of techniques incredibly useful for the characterization of biological materials and organisms, including microbes (Spratt, 2004). The development of polymerase chain reaction (PCR) in 1983 was a real breakthrough in (clinical) microbiology. Later on, real-time PCR (RT-PCR) was developed and brought a new wind into diagnostics improving the speed, sensitivity, and specificity of microbial detection (Mackay, 2004). Also, 16S rRNA, 16S – 23S rRNA (bacteria), and 18S rRNA (eukaryotes) PCR-sequencing can be a useful tool for identifying microorganisms combining PCR amplification of 16S (18S) rRNA gene, which is highly specific to each microbial species, and its subsequent sequencing (Reller et al., 2007; Singhal et al., 2015; Peker et al., 2019). When 16S rRNA gene is identical, species identification could rely on other conserved genes, such as gyrA, gyrB, rpoB, tuf, and heat shock proteins (Franco-Duarte et al., 2019). Although PCR-based methods can detect pathogens at early stages of infection and do not require cultivation, clinical samples often contain low numbers of microbial cells, complicating their capturing. They require preprocessing before the PCR reaction (incl. removal of PCR inhibitors, extraction of maximum microbes from the sample without contamination, isolation of nucleic acids). Furthermore, those methods detect the only presence of nucleic acid (or its part), which can be misleading since the human body contains large amounts of microbial genetic material (Franco-Duarte et al., 2019; Kubina and Dziedzic, 2020).

Modern technologies allow miniaturization and automatization of the methods and building more efficient approaches, such as next-generation sequencing (NGS). NGS allows parallel sequencing of enormous numbers of whole genomes or parts of nucleic acids at once, providing reliable identification of microorganisms at the nucleic acid level (Sabat et al., 2017; Boers et al., 2019). To overcome the low numbers of pathogens present in a sample, PCR amplification can be used. Compared with other widely used methods, disadvantages of using NGS in clinical diagnostics of infections include high costs and lower sensitivity, or more specifically, higher recovery of clinically unimportant microorganisms, and often too general identification (e.g., phylum level) (Lee et al., 2020).



New Approaches

We can conclude that all the methods mentioned above have advantages and disadvantages. Thus, different methods might be suitable or combined for different types of infections/expected causative agents. To shorten the time necessary for identification, many approaches have been proposed. Their main goals include shortening/skipping cultivation, shortening the time and reducing consumables needed for the identification, automatizing the process, and/or adding further information about a sample (e.g., virulence factors). These approaches include but are not limited to certain protocols for MALDI-TOF MS (Drancourt, 2010; Meex et al., 2012; Hoyos-Mallecot et al., 2014; Idelevich et al., 2014; Machen et al., 2014; Verroken et al., 2015; Zhou et al., 2017), infrared spectroscopy (FTIR) (Ojeda and Dittrich, 2012; Zarnowiec et al., 2015; Vogt et al., 2019), nuclear magnetic resonance (NMR) spectroscopy (Romaniuk and Cegelski, 2015; Palama et al., 2016), capillary electrophoresis (incl. capillary isoelectric focusing (Ruzicka et al., 2016; Xu and Sun, 2021), electrical field-flow fractionation (Saenton et al., 2000; Reschiglian et al., 2002), microfluidic devices (Kim et al., 2012; Zhou et al., 2019; Pérez-Rodríguez et al., 2022) and Raman spectroscopy (Franco-Duarte et al., 2019). Recently, Raman spectroscopy has been undergoing a boom in microbiology, as many studies suggest its potential for the identification of microbes, their virulence factors, detection of metabolic changes, and last but not least, single-cell analyses of microbial cells.




Raman Spectroscopy

Raman spectroscopy is an optical method based on inelastic scattering of monochromatic light. In general, when a light beam (laser beam) reaches an object (particles), most of the light is scattered elastically (energy after deexcitation is equal to Rayleigh scattering), part of the beam passes through, part of the beam is absorbed. The last tiny part (approximately 10-5%) is inelastically scattered (Figure 1)—the energy of photons in the beam changes upon interaction with molecular vibrations in a sample and leads to a momentary distortion of electrons in a bond of a molecule. It means that the molecule has an induced dipole and is temporarily polarized. Upon returning to its normal state, the radiation is reemitted (Raman scattering). If a photon passes a part of its energy on a molecule, its frequency gets lower, and the vibrational energy of the molecule participating in a collision gets higher (Stokes Raman scattering). Thanks to thermal energy, it is also possible that a molecule is in an excited state. Then, a photon can gain energy from the molecule: the energy and the photon’s frequency gets higher, the energy of the molecule gets lower (anti-Stokes Raman scattering) (Das and Agrawal, 2011). Therefore, molecular vibrations in a sample play an essential role in Raman scattering: to be Raman active, a molecule must undergo a change in polarizability of an electron cloud around the molecule (a tendency of the electron cloud to be distorted from its original position) during a vibration. The polarizability of molecules decreases with increasing electron density (shorter and stronger bonds). The intensity of the Raman spectrum is dependent on the change of polarizability. Therefore, the most intensive Raman spectra can be acquired from symmetric valence vibrations (Smith and Dent, 2004). To conclude, we can say that the basic principle of Raman spectroscopy is tracking of scattered electrons´ energetic changes against the energy of photons from a source of monochromatic light “mirroring” chemical bonds present in the sample.




Figure 1 | Illustration of four different microbial species interacting with the immune system and their Raman spectra. (A) Microbes are present in the human body, causing an infection. These pathogens can be identified using Raman spectroscopy technique (B)—here: probing laser (green) is focused on the sample (bacteria), and a small amount of light, which transports the chemical structure of analyzed bacteria, is reflected (red) and in the next step further analyzed. Consequently, four Raman spectra (C) show information about molecular bond vibrations of given bacteria, such as phenylalanine at 1005 cm-1. In this example, the naked eye can see differences between the spectra of four samples. Thus, these pathogens can be identified quickly (in minutes) to treat infection with tailored antibiotics. (C) Examples of Raman spectra: Staphylococcus pasteuri (violet curve), Staphylococcus warneri (yellow curve), Streptococcus oralis (red curve), Staphylococcus sciuri (blue trace).



This can be useful in various scientific and industrial fields ranging from archeology arts (Ziemann and Madariaga, 2021) and food industry (Weng et al., 2019), pharmacy (Vankeirsbilck et al., 2002), life sciences (McCreery, 2000; Pimenta et al., 2007; Butler et al., 2016; Kuhar et al., 2018; Li et al., 2020; Wang et al., 2020; Pezzotti, 2021) to medicine. Examples of medical applications include measurements of inflammatory markers including C-reactive protein (Bergholt and Hassing, 2009; Neugebauer et al., 2014), measurements of blood and urine chemicals (Qi and Berger, 2007), measurements of blood coagulation (Poon et al., 2012), determination oxygen saturation in live tissues (Das and Agrawal, 2011), tissue engineering (Ember et al., 2017), in vivo and in vitro diagnostics of various cancers (Chan et al., 2008; Harvey et al., 2008; Dochow et al., 2013; Taleb et al., 2013; Kong et al., 2015; Auner et al., 2018), diagnostics of prenatal diseases (Kim et al., 2018), endometriosis (Parlatan et al., 2019), and osteomyelitis (Khalid et al., 2018). Raman spectroscopy also has a plethora of applications in clinical, experimental, environmental, and technical microbiology.


Raman Spectroscopy in Microbiology

Raman spectroscopy appears to be a valuable tool for the identification of microorganisms (Maquelin et al., 2003; Samek et al., 2008; Almarashi et al., 2012; Kastanos et al., 2012; Schie and Huser, 2013; Neugebauer et al., 2015; Pahlow et al., 2015; Read and Whiteley, 2015; Tien et al., 2016; Rebrošová et al., 2017; de Siqueira e Oliveira et al., 2021; Rebrošová et al., 2022), even in mixed samples (Yogesha et al., 2019). The identification can be performed from colonies grown on solid agar plates, microcolonies (Choo-Smith et al., 2001; Mathey et al., 2015), or microorganisms in liquid media (Schuster et al., 2000; Samek et al., 2010; Avci et al., 2015; Kotanen et al., 2016; Nakar et al., 2022; Rebrošová et al., 2022) and microbial spectra are highly reproducible within a device (Mlynáriková et al., 2015). Furthermore, Raman spectroscopy can be used for the characterization of microbial virulence factors, including antimicrobial resistance (Wulf et al., 2012; Bernatová et al., 2013; Dekter et al., 2017; Rousseau et al., 2021; Nakar et al., 2022) and the ability to form a biofilm (Samek et al., 2008; Samek et al., 2014; Liu et al., 2014; Hrubanova et al., 2018; Keleştemur et al., 2018; Rebrošová et al., 2019). There are some Raman studies of phenotypic changes caused by exposure to environmental stimuli, including antibiotics (Athamneh et al., 2014), alcohol (Zu et al., 2016), or metabolic stressors (Tanniche et al., 2020). Raman spectroscopy was successfully used to quantify microbes in a sample, too (Escoriza et al., 2006). To gain a stronger signal, the Raman signal can be amplified using surface-enhanced Raman spectroscopy (SERS), which is widely used in microbiological studies (Samek et al., 2021). Recently, there was significant progress in single-cell analyzes employing Raman spectroscopy and other variations of Raman spectroscopy, allowing to skip the cultivation step. The most frequently used approaches are summarized below.



Centrifugation

A commonly used method for separating microbes from liquid media/samples is centrifugation. Published works consider centrifugation+Raman spectroscopy to be promising for identification of microbes from human body fluids, namely ascitic fluid (Kloß et al., 2015b), sputum (Kloß et al., 2015a), artificial bronchoalveolar lavage (Wichmann et al., 2021), and urine (Schröder et al., 2015; Rebrošová et al., 2022). Premasiri et al. showed a possibility to combine centrifugation and SERS to identify pathogens and their antimicrobial susceptibility (Premasiri et al., 2017). Together with filtration lysis and SERS, centrifugation was used to identify pathogens from human serum (Kotanen et al., 2016).

Moreover, centrifugation+SERS showed a possibility of identifying Chlamydia trachomatis and Neisseria gonorrhoeae and characterizing their extra-cellular metabolomics (Chen et al., 2018).



Magnetic Beads

Magnetic beads are widely used for separation and isolation during bioprocessing, especially for the isolation of nucleic acids. However, the mechanism itself allows magnetic separation to be applied on various samples: magnetic separation relies upon forces induced in magnetically susceptible materials by magnetic fields (Schwaminger et al., 2019). In biology, primarily magnetic beads coated with synthetical or biological polymers (including antibodies) capable of capturing the target molecules/cells are used. Target molecules/cells bind to a polymer. Afterward, the whole complex (magnetic carrier with polymer + target molecule/cell) is captured by applying magnetic force (Berensmeier, 2006).

Kusić et al. successfully used magnetic beads coated with Legionella spp. specific polyclonal immunoglobulins for isolating single Legionella sp. cells from biofilm and subsequently identifying them with Raman spectroscopy (Kusić et al., 2014). Kearns et al. developed a bionanosensor based on magnetic separation and SERS, which can be used to identify microbes in concentrations as low as 101 CFU/mL in less than one hour (Kearns et al., 2017). Hu et al. showed a possibility of capturing Candida sp. cells from serum and characterizing them using SERS (Hu et al., 2021). Li et al. used polyethyleneimine-modified magnetic microspheres (Fe3O4@PEI) and SERS for bacterial identification and antimicrobial resistance determination from 77 blood samples (Li et al., 2019). A combination of SERS and immunomagnetic beads can also be used to detect Clostridium botulinum toxins A and B (Kim et al., 2019). Since magnetic separation is commonly used for nucleic acid isolation, Hwang et al. applied this method to isolate bacterial genomic DNA and identify it using SERS and fluorescent assay favoring SERS by means of sensitivity (Hwang et al., 2021). Detection of bacterial DNA by SERS using streptavidin-coated magnetic particles was also proved by Qun et al. with a limit of detection of 5 pM (Qun et al., 2015).



Dielectrophoresis

Dielectrophoresis (DEP) is defined as a movement of dielectric particles through a medium in response to a non-uniform electric field. A particle becomes polarized, and due to the difference in electric field strength on the two sides of the particle, the particle is moved in the electric field gradient region by net dielectrophoretic force (Tay et al., 2009). This effect can be used for the separation of particles (Fernandez et al., 2017) and is widely used for enrichment and isolation of microbial cells before analysis at a single-cell level (Fernandez et al., 2017; Zhang et al., 2019; Sarno et al., 2021; Weber et al., 2021). Some groups recently suggested its possible combination with Raman spectroscopy for single-cell microbial analyses (Neugebauer et al., 2015). Chen et al. showed the efficiency of DEP-based microfluidic chip for Raman detection and measurements of Shewanella oneidensis cells in HEPES buffer (Chen et al., 2018). From clinically relevant applications, Cheng et al. used DEP with SERS to isolate and identify bacteria in isotonic solution with human blood cells, proposing rapid detection of microbes in human blood from 12h blood cultures (Cheng et al., 2014). To identify pathogens causing urinary tract infections faster, Schröder et al. proposed using a combination of DEP and Raman spectroscopy to identify Escherichia coli and Enterococcus faecalis in human urine, providing results in 35 minutes (Schröder et al., 2013).



Optical Tweezers

Optical tweezers—a Nobel price-winning (2018) groundbreaking invention by Alfred Ashkin—use single-beam gradient force to hold particles/micro-objects (incl. microbial cells) in place and manipulate them (Ashkin, 1997; Wu et al., 2017). With an optical trap, living cells suspended in a liquid cultivation medium can be immobilized in a solution using the forces generated by a tightly focused laser beam. Combined with Raman spectroscopy (usually termed Raman tweezers), it has found numerous applications, especially in analytical and physical chemistry. Raman tweezers is currently starting to be applied in cell and molecular biology. It allows single-cell analyses of microbes, for example, direct identification of microbes from liquid samples, including wastewater (Cui et al., 2021) and human urine (Rebrošová et al., 2022), in less than 10 minutes. This combination can also be used to detect antibiotic resistance (Bernatová et. al 2014; Pilát et al., 2018; Bernatová et al., 2021) and an ability to form a biofilm (Samek et al., 2015). Moreover, it was used to describe metabolic changes in microbes (Singh et al., 2006; Huang et al., 2007) and bacterial lysis (Chen et al., 2009).



Challenges

Current advantages and disadvantages of the Raman spectroscopy for microbiology are summarized in the Table 1.

Unambiguously, Raman spectroscopy offers a streamlined, fast, non-destructive, and non-invasive approach for identifying microbes and their virulence factors suitable for clinical diagnostics. Compared to conventional and molecular methods, sample preparation is easy and does not necessarily require expensive consumables. Moreover, multiple methods were proposed to isolate or enrich microbes, allowing their single-cell analyses and non-culture-based detection and identification.

However, getting Raman spectroscopy to clinical laboratories might have a long-time coming. At the moment, there are no commercial and/or well-annotated databases of microbial Raman fingerprints, as discussed by Wang et al. (Wang et al., 2021). To make comparisons of acquired Raman spectra across various instruments, one should consider that the quantum efficiency of the given detector and optical elements depends on a wavelength. Therefore, acquired data should be corrected according to an instrument response profile. Ideally, a spectral sensitivity curve should be used (Rebrošová et al., 2017). Thus, Raman spectra presented in different studies are group-specific and custom-tailored, which makes data standardization complicated (Lorenz et al., 2017). Nonetheless, no large-scale studies were performed to compare microbial Raman spectra from different groups.

Microbial studies often employ the SERS technique. Again, there is a problem with the standardization of SERS microbial detection protocols (Witkowska et al., 2020; Samek et al., 2021). Although SERS provides a stronger signal than conventional Raman spectroscopy, several factors influence the signal enhancement and, consequently, the final spectrum. These may include types of culture media, culturing conditions, sample preparation method, and interactions between SERS substrate and individual microbial cells (Witkowska et al., 2020; Samek et al., 2021).

Other problems are (currently) relatively high input costs, the need for complicated instrumentation, and specialized operators. Automatization and miniaturization would be beneficial for potential future clinical use.

If those problems are solved, Raman spectroscopy-based point-of-care device could start a revolution in clinical diagnostic microbiology in the future. Assuming its broad spectrum of applications in medicine, one device equipped with various diagnostic databases might become a complex diagnostic tool. From a microbiological point of view, Raman spectroscopy could be used for rapid pathogen identification and characterization of its virulence factors, which would, in turn, result in tailored antimicrobial treatment, reduced financial burdens associated with healthcare, and above all, improved patient management and reduced mortality from infections.




Summary

Raman spectroscopy is an elegant optical method that could significantly contribute to rapid clinical diagnostics of infections. It allows the identification of microbes and detection of certain virulence factors, including antimicrobial resistance and biofilm formation. In combination with techniques for isolation/enrichment of microbes from a liquid sample, it could be used for rapid single-cell analyzes of microbial cells, even directly from human body fluids. Therefore, it could provide an effective solution for identifying microbes in the future.
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Porphyromonas gingivalis is an important oral pathogen that causes periodontal disease and is difficult to culture under conventional conditions. Therefore, a reliable technique for detecting this pathogenic bacterium is required. Here, isothermal recombinase polymerase amplification (RPA), a new nucleic acid amplification method, was combined with a visualization method based on nanoparticle-based lateral flow strips (LFS) for the rapid detection of P. gingivalis. The species-specific 16S rRNA sequence of P. gingivalis was used as the target for RPA, and a set of specific primer–probe combinations were designed and screened to amplify the target sequences. As a thermostatic amplification method, the RPA reaction, under optimized conditions, takes only 30 min to complete at a constant temperature (37°C). The amplification reaction products can be detected visually by LFS without any need for special equipment. The RPA-LFS method established for the detection of P. gingivalis was shown to be highly specific in distinguishing P. gingivalis from other pathogenic organisms by using 20 clinical isolates of P. gingivalis and 23 common pathogenic microorganisms. Susceptibility measurements and probit regression analysis were performed with gradient dilutions of P. gingivalis genomic DNA. The method was obtained to be highly sensitive, with a detection limit of 9.27 CFU per reaction at 95% probability. By analyzing the gingival sulcus fluid specimens from 130 patients with chronic periodontitis, the results showed that the RPA-LFS method detected 118 positive cases and 12 negative cases of P. gingivalis, and the results obtained were consistent with those of a conventional PCR assay. The RPA–LFS method is an efficient, rapid, and convenient diagnostic method that simplifies the tedious process of detecting P. gingivalis.




Keywords: periodontal disease, Porphyromonas gingivalis, isothermal (DNA) amplification, lateral flow strip, rapid detection



Introduction

Periodontal disease is a chronic infectious disease that occurs in the periodontal supporting tissues and is currently considered the sixth most prevalent disease in humans due to its high prevalence (Slots, 2017). Plaque microorganisms are known to be the initiating factors in the pathogenesis of periodontal disease, and among them, Porphyromonas gingivalis is currently recognized as the main dominant bacterium associated with the development of periodontal disease and is one of the key pathogenic bacteria studied in the field of periodontal microbiology (Olsen et al., 2017). P. gingivalis is a Gram-negative anaerobic bacterium that is present in the first complex (red complex) microflora of subgingival plaque in close association with chronic periodontitis (Zhang et al., 2020). As an opportunistic pathogen, P. gingivalis is not an aggressor of the inflammatory response, but rather a reciprocal reaction with the host that disrupts the host’s immune defense mechanisms, thereby prolonging its survival in the host and triggering the inflammatory response of the organism (Hajishengallis and Diaz, 2020). Previous studies have shown that P. gingivalis is closely associated not only with oral diseases such as aggressive periodontitis, periodontal abscesses and periapical inflammation (Mysak et al., 2014), but also with systemic systemic diseases such as atherosclerosis and gastrointestinal malignancies (Qi et al., 2020; Xie et al., 2020). In addition, P. gingivalis in periodontal pockets can be used to predict the progression of related diseases, and its number is significantly and positively correlated with the degree of disease (He et al., 2012; Yaseen et al., 2021). Therefore, exploring rapid detection methods for P. gingivalis are important guidelines for the diagnosis of oral diseases and related systemic diseases as well as for early intervention.

In the diagnosis of P. gingivalis infection, we currently rely on the traditional culture method for its detection, but this culture method requires the isolation, culture, and identification of the microorganism and has the disadvantages of being time-consuming, insensitive, and cumbersome (Atieh, 2008; Fyrestam et al., 2017). With the development of molecular biology techniques, rapid diagnostic studies of P. gingivalis have progressed rapidly, including the PCR detection of ribosomal RNA (16S rRNA), fluorescence quantitative PCR, immunochromatography, ionization time-of-flight mass spectrometry, and DNA probe hybridization, which can detect P. gingivalis rapidly at the gene or genome level (Rams et al., 2016; Mougeot et al., 2017; O'Brien-Simpson et al., 2017; Marin et al., 2018; Gu et al., 2020). However, these assays rely on trained technicians and sophisticated machines, which limits their application in remote areas and laboratories with limited resources. Therefore, a rapid, specific, sensitive, and device-independent detection method is urgently required (Qin et al., 2016; Alhogail et al., 2018; Ambrosio et al., 2019).

The development of the recombinase polymerase amplification (RPA) technology, which is independent of complex laboratory instrumentation and expertise, has provided a molecular reference tool for the detection of P. gingivalis (James and Macdonald, 2015; Li et al., 2018). RPA mimics DNA replication in living organisms and achieves amplification at a constant temperature of 37°C to 42°C and is an alternative technique to PCR amplification (Jiang et al., 2020). In this case, recombinase binds to the primers to form stable nucleoprotein filaments that are used to find sites in the template sequence that are paired with the primer sequence. The double-stranded DNA is opened with the help of single-stranded binding proteins, and finally, the target region on the template is amplified exponentially by replicative extension with the action of Bsu DNA polymerase (Piepenburg et al., 2006; Lobato and O'Sullivan, 2018). The visual detection of labeled RPA amplification products by lateral flow strips (LFS) encapsulated with gold nanoparticles (AuNPs) further simplifies the detection process and allows on-site detection without instruments (Figure 1) (Li et al., 2019; Wang et al., 2021a).




Figure 1 | Schematic diagram of the RPA-LFS method. (A) Principle of RPA amplification. DNA strands are represented as horizontal lines, and base pairing is represented as short vertical lines between DNA strands. Base pairing is indicated as a short vertical line between DNA strands. (B) Schematic representation of the lateral flow strip (LFS) working principle. The shapes and their representative molecules are listed below the graphic.



In this study, a sensitive method for the rapid detection of P. gingivalis was developed using RPA combined with the LFS technology. The method was based on the 16S rRNA gene of P. gingivalis, which was used to design the primers and probes, and the assay could be completed for 30 min at 37°C. The specificity of the method was verified by testing 20 clinical isolates of P. gingivalis and 23 isolates of other common pathogens. The sensitivity of the RPA–LFS assay was determined in ten independent experiments, and the lowest limit of detection (LOD) was 9.27 colony-forming units (CFU)/reaction. Finally, the established P. gingivalis RPA–LFS assay was used to assay clinical specimens, and the results were accurate and consistent with those of the PCR method. In conclusion, in this study, we developed a rapid, sensitive, and specific RPA–LFS assay for P. gingivalis, which has promising applications for preliminary medical diagnoses in remote and resource-limited areas.



Materials and Methods


Ethical Statement

This study was approved by the Medical Ethics Committee of the Second People’s Hospital of Lianyungang City. One hundred and thirty patients with periodontitis in our hospital were enrolled (65 males and 65 females, aged 35–60 years). All subjects gave their written informed consent. Specimens of gingival sulcus fluid were collected with sterile absorbent paper tips inserted into periodontal pockets or gingival sulci and were sent to the laboratory for testing.



Standard Strains and Clinical Isolates

A standard strain of P. gingivalis (ATCC 33277) was used to establish the RPA–LFS method for the detection of P. gingivalis. Twenty clinical isolates of P. gingivalis and 23 other common pathogens were collected. The latter included Acinetobacter baumannii, Aggregatibacter actinomycetemcomitans, Bacillus cereus, Bacillus mirabilis, Burkholderia cepacia, Candida albicans, Candida tropicalis, Clostridium perfringens, Escherichia coli, Fusobacterium nucleatum, Haemophilus parainfluenzae, Klebsiella pneumoniae, Morganella morganii, Prevotella intermedia, Salmonella enterica, Serratia marcescens, Staphylococcus aureus, Stenotrophomonas maltophilia, Streptococcus mutans, Streptococcus pneumoniae, Streptococcus pyogenes, Tannerella forsythia, and Vibrio parahaemolyticus were used to verify the specificity of the RPA–LFS method. All strains were provided by the Microbiology Department of the Second People’s Hospital of Lianyungang, and the identities of all were confirmed with rRNA sequencing (Table 1).


Table 1 | Microbial isolates used in this study.





Extraction of Bacterial Genomes

For the reactions that used purified genomic DNA as the template, genomic DNA was extracted with the Bacterial Genomic DNA Extraction Kit (Tiangen Biochemical Technology Co., Ltd, Beijing, China) and stored at −20°C until further processing.



Primer Design for RPA Reaction

Specific RPA primers were designed based on the P. gingivalis 16S rRNA gene sequence, using the Primer Premier 5 software. The primer design parameters were: primer size of 30–35 bp, product size of 100–500 bp, GC content of 20%–80%, and melting temperature (Tm) of 50–100°C. All other parameters used were the default settings. Five primer pairs were selected for testing, based on the scores from high to low (General Biosystems Ltd., Anhui, China).



RPA Procedure

To initially screen the forward and reverse primers, RPA amplification was performed with the TwistAmp Liquid DNA amplification kit (TwistDx Inc., Maidenhead, UK), according to the manufacturer’s instructions. Each 50 μL mixture contained 25 μL of 2 × Reaction buffer, 5 μL of 10 × Basic mix, 2.5 μL of 20 × Core mix, 2.1 μL of forward primers and 2.1 μL of reverse primer (both 10 μM), 1 μL of genomic DNA as template, and 9.8 μL of distilled water. To ensure that all the reaction systems reacted simultaneously, 2.5 μL of 280 mM magnesium acetate was added to the PCR tube cap, and was added to the reaction system simultaneously by transient centrifugation.

The reaction mixture was briefly centrifuged and then incubated in a heater at 37°C for 30 min. Reactions with distilled water as a template were used as negative controls. The amplification products were purified with a DNA purification kit (Tiangen, Beijing, China) and resolved with 1.5% agarose gel electrophoresis.



RPA–LFS Probe Design

The Primer Premier 5 software was used to design specific probes that hybridized to sequences between the forward- and reverse-primer-targeting sequences, which should theoretically avoid, as far as possible, the formation of dimeric structures between the probe and the reverse primer (Daher et al., 2015). The criteria were: (1) probe size of 46–51 bp, GC content of 20%–80%, and Tm of 57–80°C; (2) maximum hairpin fraction set to 9, maximum primer–dimer fraction set to 9, maximum poly-X set to 5′, and all other parameters set to the default values; (3) 5′-end labeled with fluorescein isothiocyanate (FITC), and 3′-end blocked with a C3 spacer; and in the middle of the probe was replaced with a tetrahydrofuran (THF) group, with at least 30 bp before the THF site and at least 15 bp after it; and (4) the 5′-end of the reverse primer was labeled with biotin.



RPA–LFS Procedure

To screen the probe and primer combinations, the RPA–LFS assay was performed with the TwistAmp DNA amplification kit (TwistDx Inc.), according to the manufacturer’s instructions. Each 50 μL reaction system contained 29.5 μL of hydration buffer, 2.1 μL each of the RPA forward and reverse primers (both 10 μM), 0.6 μL of RPA probe (10 μM), 11.2 μL of distilled water, 2 μL of genomic DNA, and dried enzyme pellets. To ensure that all the reaction systems started simultaneously, 2.5 µL of 280 mM magnesium acetate was added to the tube cap, transiently centrifuged, and immediately incubated at a constant temperature of 37°C for 30 min. An aliquot (5 µL) of the amplification product was used for visual inspection with LFS (Ustar BioTechnologies Ltd, Hangzhou, China) within 3 min. Two red lines may appear on the LFS, the control line was present in each test to ensure the validity of the LFS, whereas the test line was only observed in a positive reaction. Each sample had two bands, one for the sample itself and the other for the control.



LOD Assay

A 10-fold series of dilutions of the P. gingivalis genome corresponding to 6 × 104 CFU/μL to 6 × 10−1 CFU/μL, was prepared for the RPA–LFS assay. The minimum LOD of the method was determined with a probit regression analysis of 10 independent experiments.



Evaluation of the Compliance Rate of RPA–LFS With PCR Method

Clinical specimens were collected from 130 patients with chronic periodontitis in the Department of Stomatology, Lianyungang Second People’s Hospital. Specimen collection: Patients were instructed to rinse their mouths with water, rinse with saline to remove food debris, and insert the tip of sterile absorbent paper into the periodontal pocket or gingival sulcus for 30 s. After 30 s, the paper was immediately removed and placed in an EP tube containing 1 mL of PBS (re-collected if blood was present). For DNA extraction, the specimens were centrifuged at 12,000 × g for 2 min, and the supernatant was discarded. 30 μL 5% Chelex-100 (Sigma, United States) was added to the precipitate, which was heat treated at 100°C for 10 min before serving as the templates. The PCR primers were designed according to the 16S rRNA sequence. The compliance rate of the RPA–LFS method used on the clinical specimens was evaluated by comparing the results with those of PCR. The compliance rate between two methods was calculated with the formula: ([number of positive samples detected with both methods + number of negative samples detected with both methods]/total number of samples) × 100%.




Results


Design and Screening of Primer Sets for RPA System

Five primer pairs were designed using the 16S rRNA gene as the target sequence, and genomic DNA was used as the template for the RPA reaction (Table 2). All five primer pairs amplified the expected target bands with sizes of 353, 254, 223, 183, and 213 bp (Figure 2). Although there were no nonspecific amplified bands in the no-template controls (NTCs), primers 3, 4, and 5 showed primer dimers of < 100 bp. In contrast, primer set #1 and 2 amplified brighter target bands, with fewer primer dimers. Therefore, we selected primer set #1 and 2 for subsequent RPA–LFS probe design.


Table 2 | Primers and probes tested in this study.






Figure 2 | RPA primer set screening. The genomic DNA of the P. gingivalis standard strain was used as the template, and amplification with the RPA method was performed with primers set #1–5. The NTC strip is the no-template control for the corresponding RPA reaction, The amplification of the products was confirmed with 1.5% agarose gel electrophoresis.





Modification and Determination of Optimal Primer–Probe Combinations for RPA–LFS

Probes P1 and P2 were designed within the target sequences of primer set #1 and 2, respectively, and RPA–LFS assays were performed to test the amplification performance of the primer–probe combinations primer set #1/probes P1, primer set #2/probes P2, and the corresponding negative controls. Both primer–probe combinations generated the correct positive signals (two visible red bands on both the test and control lines), indicating that both primer–probe combinations performed well. However, the NTCs also showed a visible weaker red band on the test line, indicating a false-positive signal for both primer–probe combinations (Figure 3).




Figure 3 | Performance of the primer–probe combinations tested with the RPA–LFS reaction. The results of LFS detection of the RPA amplification products are shown. The name of each primer–probe set is shown on the corresponding strip. The NTC strip is a template-free control for the individual RPA reaction. The reactions were performed for 30 min at 37°C. The positions of the test and control lines are marked on the right side of the bar graph. The image represents the results of three independent experiments.



The pairing between of probe and the reverse primer may have been responsible for the false positive signals (Yang et al., 2021). The formation of a cross dimer between them was analyzed using the Primer Premier 5 software, and the results showed that both primer-probe pairs had multiple consecutive matching bases. Therefore, base substitution was introduced to eliminate consecutive base pairing between the probe and the reverse primer. The principles of this substitution were: (1) break was introduced into for sites with more than four consecutive matches or more than three consecutive matching bases at the 3′ end; and (2) the three bases near the 3′ end could not be replaced. The sequences of the modified reverse primers (mR) and probes (mP) are shown in Table 2, and the substituted bases are indicated in red. The RPA–LFS assay was performed using the modified primer and probe sets, but the results still showed a weak signal in the NTC set of the primer set #1/F/mR/mP1 combination. However, the primer set #2/F/mR/mP2 combination eliminated the weak false positive signal while not affecting amplification (Figure 4A). Analysis of the RPA amplification products with agarose gel electrophoresis revealed two clear bands for each of the two primer–probe combinations, representing the products of the forward and reverse primers and the probe and reverse primer (Figure 4B). Overall, the best primer–probe combination for the RPA–LFS assay of P. gingivalis was primer set #2/F/mR/mP2.




Figure 4 | Testing the modified primer–probe combinations with the RPA–LFS reaction. (A) Graph shows the LFS results of RPA amplification. (B) The RPA amplification products were analyzed with agarose gel electrophoresis. The name of each primer–probe set is shown above the corresponding strip. The NTC strip is the no-template control for the corresponding RPA reaction, on the strip immediately to its left.





Analysis of RPA–LFS Assay Specificity

To verify the inclusiveness and specificity of the primer–probe combination, the RPA–LFS assay was used to analyze 20 clinical isolates of P. gingivalis and 23 isolates of other pathogenic bacteria. As shown in Figure 5, a clear positive signal appeared on the test line when isolated P. gingivalis genomic DNA was used as the template, but in contrast, no band appeared on the test line when genomic DNA from the other common pathogens was used as the template. These results demonstrate that the RPA–LFS assay system established is highly specific for P. gingivalis, with no cross-reactivity with other pathogens.




Figure 5 | Specificity analysis of the P. gingivalis RPA–LFS assay. The specificity of the RPA–LFS assay established for P. gingivalis was tested on 20 clinical isolates of P. gingivalis (A) and genomic DNA extracted from 20 common pathogenic bacteria (B). No-template control (NTC) was used as the negative control and P. gingivalis as the positive control. RPA amplification results were detected with LFS, and the samples are labeled at the top of the bar graph.





Measurement of RPA–LFS Assay LOD

To evaluate the LOD of the RPA–LFS assay, we used it to evaluate 10-fold dilutions of P. gingivalis genomic DNA, ranging from 6 × 104 CFU/μL to 6 × 10−1 CFU/μL (1 μL in a 50 μL reaction volume) as the template. There was a clear red band on the test line at 104 CFU/μL, and the signal diminished as the template concentration decreased. The signal disappeared in the 6 × 10−1 CFU/μL group (Figure 6A). To test whether the system was resistant to interference from human genomes, 10 ng of human DNA were added to the RPA reaction along with dilutions of P. gingivalis genomic DNA. The detection sensitivity was not affected by human DNA (Figure 6B). In addition, not all assays yielded positive results when strains with concentrations of 6 × 100 CFU/μL (seven positive results from ten samples, 7/10) or 6 × 10−1 CFU/μL (1/10) were used as templates. To more accurately determine the LOD of the RPA–LFS assay, a probit regression analysis was performed on data from ten independent assays; the statistical analysis was performed with SPSS software. With 95% probability, the LOD for the reaction was 9.27 CFU/μL (Figure 6C).




Figure 6 | Determination of the limit of detection (LOD) of P. gingivalis RPA–LFS. (A) The LOD for the P. gingivalis RPA-LFS assay system established was determined from 10 independent assays using P. gingivalis genomic DNA at serial dilutions from 6 × 104 to 6 × 10−1 CFU/μL. Images show the results of RPA–LFS, with the amount of template shown at the top of the strip. (B) The group with 10 ng human genomic DNA added in addition to the P. gingivalis genomic DNA. (C) Probit regression analysis of data collected from ten replicates, performed with the SPSS software.





Application of P. gingivalis RPA–LFS to the Analysis of Clinical Specimens

To evaluate the clinical utility of the established RPA–LFS detection system, gingival sulcus fluid specimens from 130 patients with chronic periodontitis were tested with both the RPA–LFS method and PCR. As shown in Table 3, 118 samples positive for P. gingivalis and 12 negative samples were detected with the RPA–LFS method, and the results obtained were in complete agreement with those of the PCR method. These results suggest that the highly specific and sensitive P. gingivalis RPA-LFS is feasible and reliable when applied to clinical samples from patients.


Table 3 | Analysis of gingival sulcus fluid specimens from 130 patients with chronic periodontitis using the RPA–LFS method and PCR.






Discussion

The isothermal amplification method RPA can rapidly amplify target DNA under low-temperature isothermal conditions with a tolerance for unpurified samples, and is therefore a promising alternative molecular assay for the detection of P. gingivalis. The chemical labeling of the RPA reaction allows the products to be read with an AuNP-based LFS, with less reliance on equipment and trained personnel. However, all these simplifications mean that the inherent risk of false-positive signals from primer dimers is not negligible (Miao et al., 2019). It has been reported that the introduction of probes into RPA reactions can reduce primer-dependent artifacts to some extent, but the introduction of probes alone does not guarantee the complete elimination of false-positive signals (Wu et al., 2020). The probe sequence can still pair with the reverse primer to some extent. We took advantage of the fact that the RPA reaction can tolerate some primer-to-template base mismatches and substituted some bases in the probe and reverse primer of RPA–LFS (Wang et al., 2021b). An improved RPA–LFS system was established by rigorously testing the efficacy of these measures, which completely prevented the formation of probe–primer complexes and eliminated false-positive signals.

Increased sensitivity is recognized as a key factor in the development of diagnostic methods. To determine the accurate LOD of the P. gingivalis RPA–LFS, we assayed different amounts of P. gingivalis genomic DNA template, ranging from 6 × 104 CFU to 6 × 10−1 CFU. According to a probit regression analysis, the LOD of the P. gingivalis RPA–LFS was 9.27 CFU per reaction, with 95% probability, which is similar to the LOD of other highly sensitive molecular assays, including multiplex qPCR (50 pg), single PCR with purified DNA (0.5 pg) or crude bacterial cultures (10 CFU), and loop-mediated isothermal amplification (1.4 × 10-1 pg/μL) (Coffey et al., 2016; Su et al., 2019; Rao et al., 2021).

Early chairside microbiological tests used to screen for periodontitis risk included the use of Nbenzoyl-DL-arginine-2-naphthylamide (BANA) tests to determine the level of protease activity in subgingival plaque, agglutination of latex beads and whole-cell bacterial ELISA (Nisengard et al., 1992; Boyer et al., 1996; Loesche et al., 1997). In most of these previous tests, high sensitivity was achieved at the expense of specificity (Hemmings et al., 1997; Eick and Pfister, 2002; Kaman et al., 2012). The immunochromatographic device using A1-adhesin monoclonal antibodies has emerged in recent years, and the sensitivity and specificity of the current assay device are 95.0% and 93.3%, respectively, which is a great improvement compared to the previous ones. However, this method requires ELISA and microbial flow cytometry to screen for specific monoclonal antibodies, and the whole operation is complicated and costly (O'Brien-Simpson et al., 2017). In vitro isothermal nucleic acid amplification strategies are important in molecular diagnosis, and loop-mediated isothermal amplification (LAMP) is one of the more widely used ones. Su et al. used LAMP method to detect P. gingivalis against specific fragments with a lower limit of detection of 1.4 × 10-1 pg/μl, and the method was non-cross-reactive with other bacterial pathogens (Su et al., 2019). However, LAMP typically has a reaction temperature of 60-65°C and requires three primer pairs, which may lead to primer-primer interactions, thus limiting the reaction.

LFS-based tests are considered the gold standard for point-of-care diagnostics and are portable, rapid, and simple to use. This study was based on the visualization of RPA with the LFS technology, using the 16S rRNA sequence as the target, and the assay was completed within 30 min under isothermal conditions at 37°C. A comparison of clinical isolates of P. gingivalis with those of other common pathogenic bacteria demonstrated the excellent specificity of the method. When the RPA–LFS assay was used to test clinical specimens, the samples did not require purification and could be used for the assay after simple processing. The assay showed 100% accuracy, in agreement with the conventional PCR method. In conclusion, in this study, we have established a rapid, specific, and sensitive field assay for P. gingivalis. Readable results can be obtained within 1 h with a simple procedure under equipment-free conditions. This may provide a reference for future chairside rapid detection of P. gingivalis and other pathogenic microorganisms, and will also contribute to the early diagnosis of related diseases, which is an important guide for early intervention and clinical treatment of oral diseases and systemic diseases.
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Streptococcus pneumoniae is a major pathogen that causes microbiological illness in humans. The introduction of polyvalent vaccines has resulted in a significant decrease in pneumococcal-related mortality. However, pneumococcal infections continue to be a leading cause of death in children under the age of 5 and adults over the age of 65 worldwide. A speedy and highly sensitive diagnostic tool is necessary for routine adoption to adequately manage patients and control the spread of infection. In this study, we investigated a new nucleic acid amplification technique, isothermal recombinase polymerase amplification (RPA), which amplifies DNA at 37°C under isothermal conditions with high specificity, efficiency, and rapidity. Using the autolysin gene lytA as the molecular diagnostic target, an RPA primer-probe combination was designed and optimized for the detection of S. pneumoniae. This RPA reaction produced amplification products labeled with specific chemical markers, to be detected with gold-nanoparticle-based lateral flow strips (LFS), reducing the reliance on equipment and trained personnel. The high specificity of the RPA-LFS technique was demonstrated with the specific detection of 22 strains of S. pneumoniae but not 25 closely related pathogenic bacteria. The assay showed good sensitivity, and detected S. pneumoniae down to 3.32 colony-forming units/μL. When used on clinical samples, the assay provided accurate and consistent results compared with PCR. The compliance with the culture-biochemistry method was 98.18% and the kappa index was 0.977. These results reveal that the RPA–LFS test significantly improved S. pneumoniae identification, particularly in resource-limited areas.
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Introduction

Streptococcus pneumoniae is a Gram-positive, non-flagellated bacterium, often arranged in pairs or short chains of cells (Ye et al., 2018; Paton and Trappetti, 2019). It is widely distributed in nature and often colonizes the mucous membranes of the human upper respiratory organs, mainly targeting immunocompromised people, such as children and the elderly. This bacterium causes pneumonia, meningitis, otitis media, and other invasive diseases after infection, and the annual global morbidity and mortality rates of S. pneumoniae infections are very high (Kadioglu et al., 2008; Reynolds et al., 2010; Yu et al., 2019; Zhao et al., 2020). This bacterium is the most common pathogen causing community-acquired pneumonia in clinical practice, and fast and correct pathogenic identification is critical in the selection of clinical therapeutic medications and the construction of treatment strategies (Thummeepak et al., 2015; Arushothy et al., 2020).

The early detection of a clinical infection with a timely and accurate diagnosis in the early stages of the patient’s illness allows the appropriate treatment to be administered. However, the current gold standard methods for detecting S. pneumoniae are phenotype based, and include culture-based, microscopy-based, and biochemical identification methods (Suárez and Texeira, 2019). Because S. pneumoniae growth and identification typically take more than 2 days, positive identification may occur late in the course of infection, and a delayed diagnosis may result in a bad prognosis for individuals infected with this pathogen (Petti et al., 2005). As a result, it is critical to develop and verify a speedy and precise approach to identifying S. pneumoniae. Several non-culture methods for detecting S. pneumoniae have been developed, including mass spectrometry, immunoassay, PCR, and real-time PCR (El Aila et al., 2010; Park et al., 2010; Lang et al., 2015; Iroh Tam et al., 2018; Kim et al., 2019; Kann et al., 2020). These tests can save considerable time compared with the gold standard culture methods. However, such analyses require skilled technicians and/or sophisticated equipment, which may be unavailable in some situations.

Recombinase polymerase amplification (RPA) is a recombinase-polymerase-mediated amplification technique that mimics DNA replication in living organisms and allows the isothermal amplification of target DNA fragments at room temperature (Piepenburg et al., 2006). The technique relies on three enzymes: the T4-phage-encoded recombinase proteins uvsX and uvsY, the single-stranded binding protein gp32, and the Bacillus subtilis (Bsu) DNA polymerase. The recombinase proteins bind to the primers to form DNA nucleoprotein microfilaments, which bind to complementary DNA fragments, which then hybridize tightly. With the help of the single-stranded binding protein, the strands of the template DNA begin to separate, and are extended by the Bsu DNA polymerase, which exponentially amplifies the target region on the template. The entire process can be completed in 20–30 min at 37–42°C (Wang et al., 2017; Dong et al., 2020). Compared with PCR, the process does not require high temperature denaturation or low temperature annealing, making the reaction simple, fast, and efficient. The labeled amplification products are detected visually by combining RPA with a lateral flow strip (LFS) of encapsulated gold nanoparticles (AuNPs), and the color signal can be observed semiquantitatively on the LFS with the naked eye (Wang et al., 2019). This technique simplifies the detection process and allows the in situ detection of the result without instruments. RPA–LFS has been successfully utilized to identify methicillin-resistant Staphylococcus aureus, Mycobacterium tuberculosis, Candida albicans, Klebsiella pneumoniae, and other pathogenic microorganisms (Figure 1) (Hu et al., 2020; Wang et al., 2020; Wang et al., 2021a; Wang et al., 2021b).




Figure 1 | Schematic diagram of the RPA-LFS method. (A) The RPA amplification principle. Base pairing is represented as short vertical lines between DNA strands, and DNA strands are represented as horizontal lines. Base pairing is represented by a short vertical line connecting two DNA strands. (B) A schematic representation of the lateral flow strip (LFS) operation. The shapes and the molecules that represent them are listed below the graphic.



In this study, a rapid and sensitive field assay for S. pneumoniae was developed using RPA combined with the LFS technology. The method was based on primers and a probe designed to complement the S. pneumoniae autolysin gene (lytA) and the experiment was completed in 30 min at 37°C (Kersting et al., 2018). The specificity of the method was verified by testing it against 22 clinical isolates of S. pneumoniae and 25 other common pathogenic strains. The sensitivity of the RPA-LFS technique was tested in 10 independent trials, and the limit of detection (LOD) was 3.32 colony-forming units (CFU)/reaction. Finally, the established RPA-LFS assay for S. pneumoniae was used to analyze clinical specimens, with accurate results that were consistent with those achieved with PCR. In conclusion, we developed a rapid, specific, and sensitive assay for the detection of S. pneumoniae with RPA-LFS, with potential applications in the preliminary medical diagnosis of S. pneumoniae in remote and resource-limited areas.



Materials and Methods


Standard Strains and Clinical Isolates

A standard strain of S. pneumoniae (American Type Culture Collection ATCC 49619) was used to establish the RPA-LFS method for detecting S. pneumoniae. Twenty-two clinical isolates of S. pneumoniae were obtained from sputum samples from the lower respiratory tract, with serotypes 19F, 19A, 14, 23F, and 6A, respectively.  To validate the specificity of the RPA-LFS approach, isolates of 25 other common pathogens (including Escherichia coli, Haemophilus influenzae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterococcus Faecium, Staphylococcus aureus, Klebsiella pneumoniae, Enterococcus faecalis, Serratia marcescens, Burkholderia cepacia, Candida albicans, Candida krusei, Vibrio Parahemolyticus, Streptococcus lactis, Bacillus cereus, Salmonella enterica, Morganella fulton, Coagulase negative Staphylococci, Bacillus mirabilis, Stenotrophomonas maltophilia, Streptcoccus pyogenes, Streptcoccus agalactiae, Streptcoccus dysgalacitae, Streptcoccus mitis, and Streptcoccus oralis) were employed. At the Department of Laboratory of the Second People’s Hospital of Lianyungang City, all strains were identified using the reference culture-biochemical approach.

One hundred and ten clinical specimens were collected from patients, including 80 respiratory sputum and 30 invasive specimens (16 blood, 10 cerebrospinal fluid, and 4 peritoneal fluid), which were provided by Lianyungang Second People’s Hospital. The positive strains isolated were serotyped by the capsular swelling test and were 19F, 19A, 14, 23F, 9V, 6B, 6A.



Extraction of Bacterial Genomes

Genomic DNA was obtained using the Bacterial Genomic DNA Extraction Kit (Tiangen Biochemical Technology Co., Ltd, China) and stored at -20°C as a backup.



Primer Design for RPA Reactions

Specific RPA primers based on the species-specific S. pneumoniae autolysin gene (lytA) sequence was designed with the Primer-BLAST online design software from the National Center for Biotechnology Information (NCBI). The primer design parameters were: primer size 30–35 bp, product size 100–500 bp, GC content 20%–80%, Tm 50–100°C, and organism S. pneumoniae. All other parameters were set to the default values. Five primer pairs were selected (General Biologicals Ltd, Anhui, China) for testing.



RPA Procedure

To screen the best forward and reverse primer pairs, RPA amplification was performed using the TwistAmp Liquid DNA amplification Kit (TwistDx Inc., Maidenhead, United Kingdom). Each 50 μL mixture contained 25 μL of 2× reaction buffer, 5 μL of 10× basic mix, 2.5 μL of 20× core mix, 2.1 μL of forward primers (10 μM), 2.1 μL of reverse primers (10 μM), 9.8 μL of ddH2O, and 1 μL of the template genome. To ensure that all reaction systems reacted at the same time, 2.5 μL of 280 mM magnesium acetate was added to the PCR tube caps and transiently centrifuged into all reaction tubes. The reaction system was vortexed and immediately incubated at 37°C in a thermostat heater for 30 min. The amplification products were purified using the DNA Purification Kit (Tiangen Biochemical Technology Co., Ltd, Beijing, China) and detected using 1.5 percent agarose gel electrophoresis.



RPA-LFS Probe Design

RPA amplification requires the same pair of forward and reverse primers as PCR amplification. When LFS is used as the endpoint visual readout for an amplified DNA target, a probe must be designed downstream from the forward primer. The 5′ end of the probe was labeled with fluorescein isothiocyanate (FITC), and a tetrahydrofuran (THF) site was included in the middle of the probe which is then closed at the end. When a certain amount of product accumulated in the reaction system, the probe bound to the product, at which point the nfo enzyme in the reaction system recognized the THF site and cleaved it. Because the Bsu polymerase had strand replacement activity, it displaced the DNA strand after the THF site and began amplification. The final product obtained had FITC on one end and biotin on the other (Wang et al., 2018).

We used the Primer Premier 5 software to design specific probes complementary to sites between the sequences targeted by the forward and reverse primers. Theoretically, the formation of a dimeric structure between the probe and the reverse primer should be avoided. The parameters required to do so are: (1) a probe of 46–51 bp, Tm of 57–80°C, and GC content of 20%–80%; (2) The maximum primer dimer fraction is set to nine, the maximum hairpin fraction is set to nine, the maximum poly-X is set to five, and all other parameters are set to their default values. (3) The 5′ end of the probe was tagged with FITC, the 3′ end was blocked with the C3 spacer, and the middle base of the probe was replaced with THF, with at least 30 nucleotides before the THF site and at least 15 nucleotides after it; (4) the reverse primer’s 5′ end was labeled with biotin.



RPA-LFS Procedure

To determine the optimal probe and primer combinations, the RPA-LFS assay was done using the TwistAmp DNA Amplification Nfo Kit (TwistDx Inc.). Each 50 μL reaction system included 2.1 μL of RPA forward and reverse primers (10 μM), 0.6 μL of RPA probe (10 μM), 11.2 μL of ddH2O, 29.5 μL of hydration buffer, 2 μL of genomic DNA, and dried enzyme pellets. 2.5 μL of 280 mM magnesium acetate was added to the tube caps to guarantee that all of the reaction systems started at the same time. The tubes were briefly centrifuged before being incubated for 30 min in a constant-temperature heater set to 37°C. Then, within 5 min, 5 μL of the amplified product was visually evaluated with LFS (Ustar BioTechnologies Ltd, Hangzhou, China). On the LFS, two red lines were displayed: the control line (top) and the test line (bottom). The control line was present in all tests to guarantee the LFS’s validity, whereas the test line was only shown in positive reactions.



Specificity Assay

RPA-LFS specificity for S. pneumoniae was tested using genomic DNA from 22 clinical isolates of S. pneumoniae and 25 common pathogenic bacteria.



Limit of Detection (LOD) Assay

A 10-fold dilution series of the S. pneumoniae genome, corresponding to numbers of bacteria ranging from 3 × 104 CFU to 3 × 10−1 CFU was prepared for the RPA-LFS reaction. The LOD of the method was determined with a probit regression analysis of 10 independent experiments.



Polymerase Chain Reaction

PCR primers were designed based on the S. pneumoniae autolysin lytA gene, and the primer sequences are in Table 1. 25 μL of the reaction system was used, including 12.5 μL of PCR Mix (Tiangen Biochemical Technology Co., Ltd., Beijing, China), 0.5 μL (10 µM) each of forward and reverse primers, 1 μL of template, and 10.5 μL of ddH2O. The cycling procedure was 95°C pre-denaturation for 5 min, followed by 30 cycles including denaturation at 95°C for 30 s, binding at 55°C for 30 s, extension at 72°C for 1 min, and finally extension at 72°C for 5 min. amplification of the products was detected by 1.5% agarose gel electrophoresis.


Table 1 | Primers and probes tested in this study.





Examination of Clinical Specimens

The RPA-LFS method was evaluated on clinical specimens to determine its compliance with both traditional culture–biochemical methods and PCR. Clinical specimens were cultured at 37°C for 18–48 hours on selective media, including blood culture bottles and columbia blood plate. Bacterial identification was carried out using the VITEK® 2 system (bioMérieux, Marcy-l’Étoile, France), with further biochemical assays carried out if necessary. For PCR, the primers were designed to amplify the lytA gene. The compliance rate between the different methods was calculated with the formula: ([number of positive samples detected with both methods + number of negative samples detected with both methods]/total number of samples) × 100%. The kappa index was calculated to evaluate this test.




Results


Design and Screening of Primer Sets for the RPA System

The rational design of primers for detecting S. pneumoniae started with a BLAST search with the lytA gene sequence. The primers were designed to match the S. pneumoniae sequence only. As shown in Table 1, five pairs of primers, lytA-1, lytA-2, lytA-3, lytA-4, and lytA-5, were designed to hybridize with the lytA gene. The basic RPA reaction was carried out using the genomic DNA of standard S. pneumoniae strains as a template, and the products were identified using agarose gel electrophoresis. All five primer sets (lytA-1 to lytA-5) produced distinct target bands with diameters of 456, 456, 456, 275, and 204 bp, respectively, and although there were no nonspecific amplification bands in the NTC, primer dimers of 100 bp were still present (Figure 2). However, primer pairs lytA-2 and lytA-4 amplified brighter target bands with fewer primer dimers. Therefore, we selected primer pairs lytA-2 and lytA-4 to design the probes for the RPA–LFS systems.




Figure 2 | Screening RPA primer sets. The primer pairs lytA-1 to lytA-5 were screened with the RPA method using genomic DNA from standard S. pneumoniae strains as the templates. An NTC for each primer set was included as the negative control and 1.5% agarose gel electrophoresis was used to analyze equal volumes (5 μL) of the amplified products.





Modification and Determination of Optimal Primer–Probe Combinations for RPA-LFS

P1 and P2 probes were designed to bind within the sequences amplified by the lytA-2 and lytA-4 primer pairs, respectively, and RPA-LFS tests were performed to determine the amplification performance and false-positive results of the primer–probe combinations lytA-2/F/R/P1 and lytA-4/F/R/P2. Figure 3A depicts the results. Both primer-probe combinations produced the expected positive results (visible red bands on both the test and control lines), suggesting that both combinations amplified the target sequence effectively. However, they both also generated a weak red band on the test line in the NTC, indicating false-positive signals for both primer-probe combinations.




Figure 3 | Performance of the primer-probe sets tested with the RPA-LFS system. (A) Showing the LFS assay results of RPA amplification products before mismatch. (B) Showing the LFS assay results of RPA amplification products after mismatch. (C) Agarose gel results. The name of each primer-probe set is shown above the corresponding strip. NTC strip is the no-template control for the corresponding RPA. The positions of the test and control lines are marked on the right side of the bars. Reactions were performed at 37°C for 30 min. This image represents the results of three independent experiments.



The FITC- and biotin-labeled RPA products produced by the probe and reverse primer are particularly recognized by the LFS. Therefore, the RPA-LFS probe should be designed in such a way that the NTC signal is entirely suppressed. Previous research has demonstrated that the RPA reaction can tolerate minor mismatches between primers or probes and the template (Daher et al., 2015). The Primer Premier 5 software was used to examine the potential for probe-reverse primer dimers, and mismatches were inserted at sites with more than five continuous bases or more than three bases at the 3′ end. Table 1 shows the sequences of the modified reverse primer (mR) and probe (mP), with the replaced bases highlighted in red. The modified probes and primers were then used in the RPA-LFS assay. When the lytA gene was amplified from S. pneumoniae genomic DNA, both primer-probe pairs showed no signal on the detection line in the NTC group and a significant signal on the detection line in the group containing S. pneumoniae genomic DNA (Figure 3B). Because the number of mismatched bases in the lyt-2-F/mR/mP1 combination was small, we assumed that this combination performed better. Analysis of the RPA amplification products with agarose gel electrophoresis revealed two clear bands for both primer–probe combinations, representing the amplification products generated with the forward and reverse primers and with the probe and the reverse primer (Figure 3C). Overall, the best primer-probe combination for RPA–LFS detection of S. pneumoniae was lyt-2-F/mR/mP1.



Specificity Analysis of the RPA-LFS Assay

To verify the inclusiveness and specificity of the primer–probe combination lyt-2-F/mR/mP1, RPA-LFS was used to analyze 22 clinical isolates of S. pneumoniae and 25 other pathogenic bacteria. Figure 4 shows that when isolated S. pneumoniae genomic DNA was used as the template, a clear positive signal appeared on the test line, however no bands showed on the test line when genomic DNA from any other common respiratory infection was used as the template. These results indicated that the RPA-LFS assay system established here was highly specific for S. pneumoniae and does not cross-react with other pathogens.




Figure 4 | The RPA-LFS assay’s specificity. S. pneumoniae clinical isolates (A) and other common pathogens (B) were tested. The positive control was S. pneumoniae (ATCC 49619). Each bacterium’s species name is shown at the top of each strip. The NTC strip is a no-template control. The reactions were carried out for 30 minutes at 37°C.





LOD of the RPA-LFS Assay

The detection limit of the RPA-LFS assay was assessed using a 10-fold dilution of inactivated S. pneumoniae culture as the template, comparable to bacterial counts ranging from 3 × 104 CFU to 3 × 10−1 CFU (1 μL, reaction volume of 50 μL). A clear red band was visible on the detection line at 3 × 104 CFU, and the signal diminished as the amount of template decreased, disappearing altogether in the 3 × 10−1 CFU sample (Figure 5A). To test whether the system was resistant to interference from human genomes, 10 ng of human DNA were added to the RPA reaction along with dilutions of S. pneumoniae genomic DNA. The detection sensitivity was not affected by human DNA (Figure 5B). Not all assays produced positive results when template equivalent to 3 × 100 CFU (nine positive results in 10 samples) or 3 × 10−1 CFU (one positive results in 10 samples) were used. To confirm the LOD of the RPA–LFS assay more accurately, a probit regression analysis was performed on data from 10 independent assays. The statistical analysis was performed with the SPSS software. The LOD for each reaction was 3.32 CFU, with 95% probability (Figure 5C).




Figure 5 | Determination of the limit of detection (LOD) of the S. pneumoniae RPA-LFS assay. (A) The LOD of the established S. pneumoniae RPA-LFS assay was determined from 10 independent assays using the serially diluted genomic DNA of S. pneumonia, equivalent to 104 to 10−1 CFU. Images show the results of the RPA-LFS assays, and the amount of template is indicated at the top of the bar graph. (B) The group with 10 ng human genomic DNA added in addition to the P. gingivalis genomic DNA. (C) Probit regression analysis was performed on data collected from 10 replicates, using the SPSS software.





Application of S. pneumoniae RPA-LFS to the Identification of Clinical Specimens

To assess the clinical utility of the established RPA-LFS detection system, 110 clinical specimens were collected from patients and examined with the RPA-LFS method, a PCR method, and a culture-biochemical approach at the Second People’s Hospital of Lianyungang. As indicated in Table 2, 31 of 110 samples tested positive for S. pneumoniae using the RPA-LFS and PCR methods, whereas 30 of 110 tested positive using the culture-biochemistry method. The established RPA-LFS assay was 100 percent compliant with the PCR technique. The RPA-LFS approach had a 98.18% compliance rate with the conventional culture-biochemical method, and the estimated kappa index was 0.977, suggesting that the difference between the two methods was not statistically significant (p > 0.05). These results demonstrated the feasibility and reliability of the highly specific and sensitive S. pneumoniae RPA-LFS when applied to clinical samples from patients.


Table 2 | Assay performance of the RPA-LFS system, PCR and culture-biochemical method.






Discussion

Streptococcus pneumoniae can be found in the nasopharynx of healthy adults as well as children, and has a wide clinical distribution. It is usually cultured in a medium of blood or serum, where it forms round, grayish-white colonies (Li and Zhang, 2019). It can be spread in airborne droplets and is distributed in greater amounts in places where interpersonal contact rates are high, such as hospitals and military barracks. Infection rates are higher in the elderly, children, and those with low resistance. Consequently, S. pneumoniae is the main pathogen causing severe pediatric pneumonia. The early detection and diagnosis of pathogenic clinical infections with timely, effective, and accurate testing in the early stages of a patient’s illness allow the correct treatment to be administered (Allan et al., 2016). However, a diagnosis is traditionally made by culturing the bacterium, which is not only time-consuming, but is also susceptible to contamination with other bacteria during the culture process, compromising the accuracy of detection and therefore the diagnosis. In consequence, the choice of treatment plan and the recovery of the patient will be seriously affected. Therefore, a reliable diagnostic method that can rapidly, sensitively, and specifically identify S. pneumoniae in a near-patient setting could play an important role in reducing the morbidity and mortality associated with pneumococcal disease, especially in developing countries.

Because they do not require temperature cycling, in vitro isothermal nucleic acid amplification techniques are gaining popularity in molecular diagnostics. Transcription-mediated amplification (TMA), nucleic-acid-sequence-based amplification (NASBA), helicase-dependent amplification (HDA), rolling loop amplification (RCA), loop-mediated isothermal amplification (LAMP), and chain displacement amplification (SDA) are the most common isothermal amplification techniques used today (Walker et al., 1992; Pasternack et al., 1997; Lizardi et al., 1998; Notomi et al., 2000; Deiman et al., 2002; Vincent et al., 2004). Among these methods, TMA, NASBA, RCA, and SDA cannot be considered truly isothermal because they require an initial heating step to denature the target nucleic acid before its amplification. Because no denaturation step is necessary to start amplification, RPA, HDA, and LAMP can be regarded genuinely isothermal. However, LAMP typically requires a reaction temperature of 60–65°C and three primer pairs, which may lead to primer-primer interactions that can limit the reaction. The main advantage of RPA over HAD been its speed, because it can amplify a single copy of nucleic acid to detectable levels in as little as 5–10 min. Furthermore, the use of both primers and a probe in the RPA reaction increases the specificity of the assay. We eliminated primer-dependent artifacts and avoided the formation of false-positive signals by introducing specific base substitutions into the primer and probe sequences and by rigorously screening and analyzing the formation of primer–probe complexes (Wu et al., 2020). The combination of RPA with the lateral flow immunoassay technique had the advantages of ease of detection, portability, and results that were readable with the naked eye. These advantages make RPA-LFS a method with which nucleic acids can be detected immediately.

Among the molecular targets utilized to identify S. pneumoniae were the Spn9802 fragment, the recA gene, the 16S rRNA gene, and virulence factor genes such as lysozyme (ply). Although these targets have shown beneficial in detecting S. pneumoniae, their capacity to identify it clearly remains a challenge. For example, both ply and Spn9802 have been associated with false-negative results (Abdeldaim et al., 2008; Carvalho Mda et al., 2007; El Aila et al., 2010; Zbinden et al., 2011). The autolysin gene lytA is highly conserved across S. pneumoniae strains, with only minor genetic change (0.11 percent–0.32 percent), and is found in practically all clinical isolates. As a result, it was chosen for the identification of S. pneumoniae in this case.

This RPA assay was highly specific and all 22 clinical isolates tested positive, whereas all 25 other common pathogens tested negative, indicating that the RPA-LFS established here specifically detected S. pneumoniae. A probit regression analysis was used to calculate the LOD (95% confidence level) of the method, which was 3.32 CFU per reaction. This is similar to the LOD of other highly sensitive molecular detection methods (Clancy et al., 2015; Wang et al., 2019).

In conclusion, we developed a sensitive and specific RPA-LFS assay for detecting S. pneumoniae in clinical specimens. Using the lytA gene as the diagnostic target, specific sets of primer-probe combinations were designed and screened. The detection of S. pneumoniae was completed within 30 min at 37°C. This assay had good potential utility for the detection of S. pneumoniae in resource-limited areas.
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Objective

Bacterial DNA (bactDNA) detection can be used to quickly identify pathogenic bacteria and has been studied on ascitic fluid. We aimed to retrospectively analyze the diagnostic value and applicational prospect of the bactDNA load in spontaneous bacterial peritonitis (SBP).



Method

We extracted viable bactDNA from ascitic samples of 250 patients with decompensated cirrhosis collected from October 2019 to April 2021 and detected the bactDNA by droplet digital polymerase chain reaction (ddPCR). We used ascitic samples of a baseline cohort of 191 patients to establish diagnostic thresholds for SBP and analyze the patients’ diagnostic performance based on ascites polymorphonuclear (PMN) and clinical manifestation. We performed bactDNA quantification analysis on 13 patients with a PMN less than 250 cells/mm3 but with clinical symptoms. The dynamic changes of the bactDNA load from eight patients (before, during, and after SBP) were analyzed.



Results

After the removal of free DNA, the bactDNA detected by ddPCR was generally decreased (1.75 vs. 1.5 log copies/µl, P < 0.001). Compared with the traditional culture and PMN count in the SBP diagnosis, the bactDNA showed that the ddPCR sensitivity was 80.5%, specificity was 95.3%, positive predictive value was 82.5%, and negative predictive value was 94.7%, based on clinical composite criteria. In patients with a PMN less than 250 cells/mm3, the bactDNA load of 13 patients with symptoms was significantly higher than those without symptoms (2.7 vs. 1.7 log copies/µl, P < 0.001). The bactDNA in eight patients had SBP that decreased by 1.6 log copies/µl after 48 h of antibiotic treatment and by 1.0 log copies/µl after 3 days of continued treatment.



Conclusion

BactDNA detection can be used to further enhance the diagnostic efficiency of SBP. Therefore, the application of ddPCR assay not only can be used to discriminate and quantify bacteria but also can be used in the clinical assessment for antibiotics treatment.
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Introduction

Spontaneous bacterial peritonitis (SBP) is an infectious disease caused by pathogenic microorganisms that invade the abdominal cavity and cause obvious damage (European Association for the Study of the Liver., 2018). In people with end-stage liver diseases, the incidence rate of SBP has been shown to reach 40% to 70% (Aithal et al., 2021).. Currently, SBP is defined as an ascites polymorphonuclear (PMN) count greater than 250 cells/mm3 (European Association for the Study of the Liver., 2018; Aithal et al., 2021; Biggins et al., 2021). However, approximately 60% to 80% of patients with a PMN less than 250 cells/mm3 have signs and symptoms (Oey et al., 2018; Song and Jiang, 2016); of those patients, 38% develop SBP (Li et al., 2020). However, empirical antibiotic therapy that is based on the patient’s clinical symptoms and PMN can lead to the excessive application of antibiotics and the occurrence of multi-drug resistant organisms (Piano et al., 2019; Fernández et al., 2019). Current traditional culture for SBP has insufficient sensitivity to detect samples with bacteria (European Association for the Study of the Liver., 2018), especially those with low bacterial loads. Therefore, it is urgent for researchers and clinicians to introduce more accurate and rapid etiological diagnosis methods.

Recently, ascites bacterial DNA (bactDNA) detection has been expected to replace the general bacterial culture of ascites in the identification of infectious pathogens (Enomoto et al., 2018; Aithal et al., 2021). Droplet digital polymerase chain reaction (ddPCR) is a novel absolute quantitative molecular detection technology that has been developed in recent years with advantages of high sensitivity, simplicity, fastness, and operation without relying on the standard curve (Hussain et al., 2016; Cho et al., 2020). The ddPCR technology produces about 20,000 droplets and enriches target DNA by reducing competition with high-copy templates. After PCR amplification in each droplet, the Poisson algorithm is used to determine the concentration of target DNA from positive and negative droplets. Studies have suggested that the ddPCR technology is able to detect very low amounts of pathogen DNA within 4 h and had been applied in the diagnosis of bloodstream and tuberculosis infections (Cho et al., 2020; Wouters et al., 2020). Those findings provide direction for the application of ddPCR in clinical diagnosis of bacterial infection.

Nevertheless, some previous studies (Zapater et al., 2008; Bruns et al., 2016; Alvarez-silva et al., 2019) have shown that there was no strong correlation between the presence of bactDNA in ascites and SBP; as a result, the diagnosis of SBP by bactDNA has not been readily applied in clinical practice. The possible reasons are as follows: 1) bacterial load plays a very important role in the development of SBP, not just the presence of bactDNA (Bernardi et al., 2020); 2) the large volume of ascites that often occurs in patients with cirrhosis may dilute bacterial products (Akalin et al., 1983); and 3) accumulated evidence indicates (Guarner et al., 2006) that bacteria may translocate either in a viable or non-viable form, and the migration of nucleic acid DNA may potentially obscure any correlation between microbes and clinical parameters.

Therefore, the purpose of our study was to assess the amounts of viable bactDNA in ascites for the diagnostic accuracy of SBP, using an optimized method of ddPCR.



Methods


Study design and population

This study was approved by the ethical committee of Beijing YouAn Hospital, Capital Medical University. The study design was composed of laboratory and clinical studies (Figure 1). Clinical data of the patients enrolled in the study were obtained by medical record review and were analyzed according to clinical course to determine the likelihood of an infection. A total of 250 patients with decompensated cirrhosis and ascites from the Liver Disease Center, Beijing YouAn Hospital, Capital Medical University, between September 2019 and April 2021 were retrospectively collected in the study. Cancerous ascites, secondary peritonitis, and incomplete clinical data were excluded. Ascitic samples of the first baseline cohort from 191 patients were obtained on admission. The SBP diagnosis is based on PMN (2021 practice guideline) (Biggins et al., 2021) and a clinical composite diagnosis (2017 Chinese guidelines) (Chinese Society of Hepatology, Chinese Medical Association, 2017) that incorporated 1) clinical signs or symptoms, 2) laboratory test abnormalities, and 3) adjudication independently by an infectious disease specialist (CLH) and two liver disease experts (YH and WH). Patients were initially classified as either SBP (PMN > 250/mm3), monomicrobial non-neutrocytic bacterascites (PMN < 250/mm3 with positive ascites culture), or ascites without infection (no-AFI; PMN < 250/mm3 with negative ascites culture) (European Association for the Study of the Liver., 2018; Biggins et al., 2021). Patients who had overt clinical symptoms but with a PMN count less than 250/mm3 were further classified as suspected SBP, bacterascites, and no-AFI (Figure 1B) (Rimola et al., 2000; Campillo et al., 2002; Gu et al., 2021). Subsequently, we selectively enrolled 14 patients without infection to observe an association between a higher baseline bactDNA load and SBP development and eight patients with SBP to analyze the dynamic changes of bactDNA load (before, during, and after antibiotics). The diagnostic standard and the inclusion and exclusion criteria are detailed in the Supplementary Data.




Figure 1 | Study workflow and sample distribution. (A) Schematic of ddPCR ascites analysis workflow. A total of 1.5–2 h were needed for nucleic acid extraction and 2 h for the preparation, amplification, and analysis in ddPCR quantitation detection. (B) Overall flow of patients in the study showing patient recruitment and subsequent selection for bactDNA quantitation analysis. ddPCR, droplet digital PCR; PMN, polymorphonuclear; SBP, spontaneous bacterial peritonitis; MNB, monomicrobial non-neutrocytic bacterascites; AFI, ascites fluid infection. Gram(+), Gram-positive; Gram(−), Gram-negative.



To evaluate and eliminate the influence of ascitic volume on bacterial quantity, we adopted the ultrasonic three-point method from Hirooka et al. (2018); this method is used to calculate the total amount of ascites: total amount (ml) = (1,100/3) × (A + B + 0.5 × C). In this way, the absolute total amount of bacteria could be determined by the total ascitic volume [(ml) × bacterial ddPCR (copies/µl)].



ddPCR methods


Primes and probes

The representative 20 bacteria sequences of primers and probes were adopted and revised from the previous article and synthesized by Sangon Biotech (Shanghai) Co., Ltd (Wouters et al., 2020). The reaction conditions were optimized and screened according to the ddPCR requirements. Then, the performance of primers and probes was verified, which included sensitivity, specificity, linearity, and repeatability.



Sample processing

To deplete the extracellular DNA from the ascitic samples, 1-ml samples were centrifuged at 4°C with 13,000r for 10 min. After discarding the 760-µl supernatant, we added 40.5-µl mixture of buffer and benzonase endonuclease and incubated this mixture at 37°C for 15 min. Next, we added 20 µl of protease K and incubated it at 56°C for 20 min to inactivate the benzonase.



DNA extraction

Approximately 400 µl of 2× DNA/RNA shield (zymo R1200-125) was added into each of the pre-treatment samples. After mixing, the samples were homogenized using a program of 4°C at 60 Hz for 120 s, stopped for 20 s, repeated four times in Tissuelyser (Servicebio, Wuhan, China), and then centrifuged at 10,000r for 2 min. We then individually added 400 µl of DNA/RNA analysis buffer, prep buffer, and wash buffer for repeated DNA washing. Finally, 50 µl of DNase/RNase-free water was added to collect target DNA and stored at −80°C until tested.



Droplet preparation and detection

The ddPCR was performed with the TargetingOne Digital PCR System (TargetingOne, Beijing, China). The master mix for ddPCR included 1× ddPCR supermix for probes, forward and reverse primers at 400 nmol/L, and GRAM+/GRAM− probes at 200 nmol/L; 1-µl sample of DNA and DNase/RNase Free water were mixed together, and the final volume was 30 µl for each well. The droplet was generated according to the manufacturers’ protocols.

PCR amplification was performed with the following conditions: 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 10 min; annealing and extension was at 60°C for 1 min. The strip tubes were stored at 4°C until the droplets were analyzed with a TargetingOne chip reader and TargetingOne ddPCR Analyzer 1.0. The threshold between positive and negative droplet populations was manually set using per-plate positive and no-template controls as a guide.




Statistical analysis

The data are presented as a mean ± standard deviation or median with a range. We used the Wilcoxon–Mann–Whitney test for between-group comparisons or the Kruskal-Wallis test with post hoc tests for continuous data. The continuous variables were dichotomized according to the maximum approximate index in the receiver operating characteristic (ROC). The statistical analyses were performed using SPSS software, version 24 (IBM, Armonk, NY), and Prism 8 (GraphPad, La Jolla, CA). In the two-sided test, a P-value of <0.05 was considered statistically significant.




Results


Patients’ characteristics

Two hundred and fifty patients were enrolled in this study. We excluded seven patients with cancerous ascites, six patients with secondary peritonitis, and 46 patients who had incomplete data. One hundred and ninety-one patients were enrolled, and their ascitic samples were collected. Among them, 155 patients were men (81.2%), with an average age of 58.1 ± 9.1 years. Liver cirrhosis was caused by alcoholic hepatitis in 73 cases (38.2%), hepatitis B in 71 cases (37.2%), hepatitis C in seven cases (3.7%), and other causes in 40 cases (21.0%). There were 41 patients with suspected SBP (21.5%), 18 patients with bacterascites (9.4%), and 132 patients who had no-AFI (69.1%). The demographic data are listed in Table 1 and Supplementary Table S1 and Figure S1.


Table 1 | Clinical characteristics of enrolled patients.





Analysis and valuation of ddPCR method

Results showed that the clustering effect of ddPCR was best when the primer probe concentration was 400/200 nmol/L and the annealing temperature was 60°C (Supplementary Table S2, Figure S2). Representative Gram-positive and Gram-negative bacteria were selected for a specific probe test, which indicated that the probe could clearly distinguish Gram-positive or Gram-negative bacteria (Figures 2A, B). To determine whether the probe had cross interference in distinguishing Gram-positive and Gram-negative bacteria, we mixed E. feacium and E. coli in different concentrations (100:1, 1:100, and 1:1) and tested them. The results showed that the corresponding bactDNA loads were 4.3:2.1, 2.0:4.0, and 2.2:2.3 log copies/µl, indicating that reaction systems with different concentrations could be accurately classified and quantified (Figures 2C–E).




Figure 2 | Detection of Gram-positive bacteria and Gram-negative bacteria using ddPCR. (A) Gram-positive bacteria, which included Staphylococcus epidermidis, Enterococcus faecium, Enterococcus faecalis, Staphylococcus aureus, and a negative control. (B) Gram-negative bacteria, which included Escherichia coli, Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, and a negative control. The interference test (different/mixed concentrations) of mixed E. faecium and E. coli; (C) 100:1; (D) 1:100; (E) 1:1.



To determine the ddPCR detection limit, linearity, and repeatability, nine types of bacteria were spiked in a mixed system and subsequently detected by ddPCR. Serial dilutions of the above bacteria at known concentrations showed a good linearity (R2 = 0.97–0.99; Supplementary Figure S3), with three replicates at each dilution (1–5 log copies); the ddPCR detection limit was approximately 20–45 copies/µl for bacterial strains. Compared with traditional qPCR methods, the ddPCR showed better linearity and lower detection limits (Supplementary Figure S4).



Clinical evaluation of an improved ddPCR quantitation method

Benzonase endonuclease digestion was performed on the samples before detection; thus, all detected DNA came from live bacteria. We selected 54 cirrhotic ascites (13 SBP, 15 bacterascites, and 26 no-AFI samples) for validation. The results showed that, compared with the extraction method of none-dependent assay, the benzonase-dependent assay had a significant difference (P < 0.001) and even lower bactDNA load (1.75 vs. 1.5 copies/µl; Figures 3A, B); we found that this difference between the two extraction methods was mainly the extraction of Gram-negative bacteria from bacterascites and no-AFI (Figure 3C), which was conducive to distinguishing the interference of cell-free DNA fragments and the real bacterial infection with low loads. After the depletion of DNA fragments, the area under the ROC curve was as follows: bactDNA 0.98 (95% CI, 0.94–1.00), Gram-positive bactDNA 0.91 (95% CI, 0.84–0.99), and Gram-negative bactDNA 0.95 (95% CI, 0.88–1.00; Figure 3D), which indicated that DNA treatment with benzonase may have a better diagnostic value.




Figure 3 | Clinical evaluation of an improved ddPCR quantitation method. (A) Fifty-four patients were selected in this comparison [SBP, 13; no-SBP, 41 (bacterascites, 15; no-AFI samples, 26)]. (B) Comparison between the non-dependent assay (NDA) and benzonase-dependent assay (BDA). (C) The results of Gram-positive and Gram-negative bactDNA quantitation of NDA and BDA in patients with SBP, bacteascites, and no-AFI. (D) ROC curves stratified by two different methods of NDA and BDA (n = 54 samples in total) based on clinical composite standards. NDA, non-dependent assay; BDA, benzonase-dependent assay; SBP, spontaneous bacterial peritonitis; AFI, ascites fluid infection; ***P < 0.001.



We used the ultrasonic three-point method to evaluate and eliminate the influence of ascitic volumes and found that there was no significant variation in bactDNA levels between the concentration and the absolute copies of bactDNA combined with ascitic volumes (P > 0.53, Figure 4A). In addition, results showed that bactDNA loads in the ascites of patients with SBP (total of 2.8, Gram-positive of 1.9, and Gram-negative of 2.5 log copies/µl) were significantly higher than that of the patients with bacterascites (1.7, 1.3, and 1.5 log copies/µl) and the patients with no-AFI (2.0, 1.4, and 1.8 log copies/µl; P < 0.001; Figure 4A, Supplementary Table S3), whereas there was no significant difference between patients with bacterascites and ascites without infection. Then, we correlated the bactDNA load with the Model for End-Stage Liver Disease (MELD) score and found that bactDNA load in patients with SBP was weakly positively corelated with MELD (r = 0.321, P = 0.052; Figure 4B), whereas there was no correlation between bactDNA load and MELD in patients with bacterascites and ascites without infection.




Figure 4 | Accuracy of ddPCR testing in ascites. (A) Samples from 41 patients with SBP, 18 patients with bacterascites, and 132 patients with no-AFI. In the left panels, we compared the concentration of bactDNA. In the right panels, we obtained the absolute copies of bactDNA combined with ascitic volumes using virtual ultrasonography “three-point method”. (B) Correlation of bactDNA load with MELD. (C) ROC curves of bactDNA load from 191 samples based on clinical composite standards. (D) The 2 × 2 contingency tables for the validation of the quantification of bactDNA based on a clinical composite standard. MELD, Model for End-Stage Liver Disease; ROC, receiver operating characteristic; PPA, positive predictive agreement; NPA, negative predictive agreement; *P < 0.05, **P < 0.01, and ***P < 0.001.





The enhanced sensitivity and specificity of bactDNA detection facilitates SBP diagnosis

Subsequently, we plotted ROC curves at varying bactDNA levels that corresponded to the SBP analysis. Results from 191 samples showed that the cutoff value of the bactDNA quantification was 103.2 copies/µl compared with the SBP diagnosis. For patients infected with Gram-positive and Gram-negative bacteria, the cutoff values were 37.3 and 68.6 copies/µl, respectively (Figure 4C).

At the optimal Youden index, which is derived from the ROC curve, the sensitivity and specificity of total bactDNA compared with the composite clinical standard were 80.5% (95% CI, 67.8%–93.2%) and 95.3% (95% CI, 91.1%–98.3%), respectively; the positive predictive agreement (PPA) and negative predictive agreement (NPA) were 82.5% and 94.7%, respectively. The diagnostic test revealed that 72% (95% CI, 53.1%–90.9%) sensitivity, 93.9% (95% CI, 90.3%–97.6%) specificity, 64.3% PPA, and 95.7% NPA of SBP were caused by Gram-positive bacteria; 91.3% (95% CI, 78.8%–100%) sensitivity, 89.3% (95% CI, 84.6%–94.0%) specificity, 53.8% PPA, and 98.6% NPA of SBP were caused by Gram-negative bacteria. In addition, the sensitivity and specificity of traditional culture compared with the composite clinical standard were 53.7% (95% CI, 40.0%–73.5%) and 88.0% (95% CI, 83.2%–93.4%), and PPA and NPA were 55.0% and 87.4% (Figure 4D), respectively. Therefore, as a novel tool, bactDNA based on ddPCR greatly improves microbial diagnosis in SBP.



BactDNA levels as indicators of suspected infections in symptomatic patients with a PMN less than 250/mm3

The data showed that 163 of the 191 samples had PMN less than 250 cells/mm3, of which 13 patients were consulted by two infectious physicians and one hepatologist to consider SBP diagnosis and were treated with empirical antibiotics (see Supplementary Table S4). After treatment, the patients’ symptoms improved, and their diagnosis was clinically confirmed as SBP. Notably, among them, seven patients with culture positive were Gram-positive bacteria (Figure 5A), including Enterococcus faecalis, Enterococcus faecium, Staphylococcus haemolyticus, and Corynebacterium, which were consistent with a previous study in bacterascites (Li et al., 2020). In 13 patients with SBP with a PMN less than 250 cells/mm3, bactDNA amounts in ascites were significantly higher than those in patients with no-SBP (total of 2.7, Gram-positive of of 2.2, and Gram-negative of 2.1 log copies/µl vs. 1.7, 1.1, and 1.5 log copies/µl; P < 0.001; Figure 5B, Supplementary Table S5). According to the diagram of PMN counts, Gram-positive bacterial infections produce lower PMN counts than Gram-negative bacteria infection (Figure 5C). From our data, the cutoff value of PMN count was 192 cells/mm3 with 73.2% (95% CI, 59.4%–87.2%) sensitivity and 98.6% (95% CI, 97.3%–100%) specificity compared with composite diagnostic standard (Figure 4D). Therefore, we hypothesized that a PMN threshold of 250/mm3 was too high for the SBP diagnosis, especially for Gram-positive infections.




Figure 5 | Accuracy of ddPCR testing in ascites and the bactDNA quantitation in patients with PMN < 250 cells/mm3. (A) The bactDNA load and PMN counts from seven patients diagnosed as SBP with PMN < 250/mm3. (B) Patients with PMN < 250/mm3 [SBP (n = 13) and no-SBP (n = 150)]. (C) PMN counts of different bacteria species in 191 samples based on culture and ddPCR. (D) Nine ascites without infection on admission developed SBP during hospitalization. Five patients were readmitted due to SBP diagnosis within 3 months, and five patients were readmitted due to SBP diagnosis within 3 months. (E) Baseline bactDNA load prior and without SBP development. (F) Dynamic changes of bactDNA load using ddPCR method in patients with SBP over time precede antibacterial treatment, 48 h and 5 days after antibacterial treatment (n = 8). PMN, polymorphonuclear; SBP, spontaneous bacterial peritonitis. ***P < 0.001.





BactDNA loads assist to predict the development of SBP and monitor antibiotic therapy in clinical practice

We selected 14 patients who developed SBP during hospitalization and collected available consecutive samples for three or more times, and nine ascites without infection on admission that developed SBP during hospitalization, with an average duration of 6 days. Five patients were readmitted due to SBP diagnosis within 3 months (Figure 5D). The results showed that the baseline bactDNA load was higher in patients with SBP development compared with patients without SBP development (55.7 copies/μl vs. 46.7 copies/μl; P = 0.05; Figure 5E), indicating that the bactDNA level was associated with incidence of SBP.

To assess dynamic change in bactDNA load before, during, and after SBP, eight patients with SBP (mean, 4 log copies/µl) were continuously observed before antibacterial treatment, 48 h and 5 days after antibacterial treatment. Results showed that the amount of bactDNA significantly decreased after 48 h of antimicrobial treatment (2.4 log copies/µl) and continued to decline with the use of antibiotics (1.4 log copies/µl; Figure 5F).




Discussion

In this study, we described a rapid diagnostic method for bactDNA detection with low loads based on ddPCR to evaluate the bactDNA levels of abdominal infection in a large series of patients with cirrhosis and ascites. To our knowledge, this is the first study reporting detection of vital bacteria using benzonase to improve the SBP diagnosis. In particular, for symptomatic patients with PMN count <250/mm3, the bactDNA quantitation in ascites can be used to sensitively distinguish patients with suspected infections.

Benzonase has an advantage of removing free DNA fragments without affecting viable bacteria (Amar et al., 2021). Our data showed that, after the removal of free DNA, the concentration of bactDNA had generally decreased, whereas the area under the curve for diagnosing SBP was increased. However, we found that there was a significant decrease in gram-negative bacteria, which we speculated as either the increase of Gram-negative bactDNA from intestinal translocation to abdominal cavity or the increased destruction of Gram-negative bacteria due to the repeated freeze-thawing of samples during storage of ascitic samples. Notably, considering the effect of abdominal volume, we found that there was no significant variation of bactDNA between the concentration and the absolute copies of bactDNA combined with ascitic volume. Therefore, the abdominal volume dilution may not be a factor in affecting the bacterial absolute amount, which may be due to the high sensitivity of ddPCR detection technology.

Our study showed that the sensitivity and specificity of total bactDNA were 80.5% and 95.3% compared with the SBP diagnosis, which was consistent with the results of the bloodstream infection (Wouters et al., 2020). In addition, the bactDNA load is more likely to predict SBP development and reflect changes in the bacterial number with antibiotic use. The advantage of ddPCR assay is its culture independency and high sensitivity. It is a promising technology that not only performs absolute quantification but also accurately distinguishes Gram-positive and Gram-negative bacteria. Taken together, the bactDNA quantification in ascites by ddPCR is helpful for dynamically monitoring the changes of nucleic acid in pathogens and the effects of antibacterial treatment.

The SBP diagnosis is confirmed when the ascitic neutrophil count is ≥250 cells/mm3. However, in practice, some patients are symptomatic and have a PMN < 250 cells/mm3. Results from our data showed that those cases had a significant increase in bactDNA levels about 2–2.5 log copies/µl, indicating that, when PMN counts were not elevated, the bactDNA quantitation improved bacterial detection with low loads. In addition, we further observed that PMN count of 250/mm3 was probably higher with Gram-positive bacterial infections than with gram-negative bacterial infections. In the future, we will further study the relationship between PMN and the amounts of bacteria combined the bacteria species, thus further improving SBP’s diagnostic efficiency.

Some potential limitations of this study should be acknowledged. First, the presence of a small number of false-positive signals in the end data was found using the ddPCR method. Second, the bactDNA was not able to discriminate between bacterial ascites and ascites without infection in our study. The possible reasons are as follows:1) there were only 18 samples in patients with bacterascites, which may cause a statistical difference; 2) due to low positive culture rate of bacteria, there could also be low-load bacteria in non-infectious ascites that had not been detected by conventional method; and 3) because of the limitations of the laboratory environment, there was no significant difference in bactDNA load between the bacterascites and ascites without infection.

In addition, because of the detection time of 4 h and the cost of $5.20 per sample, the ddPCR method has an optimal applicational prospect in future clinical practice. Further prospective studies should be conducted to bactDNA levels on the guidance of clinical medication and its prognostic effect in patients with SBP to truly improve the SBP’s diagnostic value. Bacterascites may represent transient and spontaneously reversible colonization of ascites, or they may represent the first step in the development of SBP (European Association for the Study of the Liver., 2018). The bactDNA load in ascitic fluid by ddPCR may help identify the above two scenarios.

In conclusion, our study shows that the ascitic bactDNA quantitation by ddPCR is a promising approach that can be used to improve the SBP’s diagnostic accuracy, especially for patients who are symptomatic and have a PMN < 250 cells/mm3.
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Objective

Patients with connective tissue diseases (CTDs) are at high risk of infection due to various reasons. The purpose of the study was to investigate the infection diagnosis value of metagenomic next-generation sequencing (mNGS) shotgun in CTDs to guide the use of anti-infective therapy more quickly and accurately.



Methods

In this retrospective study, a total of 103 patients with CTDs admitted with suspected infection between December 2018 and September 2021 were assessed using mNGS as well as conventional microbiological tests (CMT).



Results

Among these 103 patients, 65 were confirmed to have an infection (Group I) and 38 had no infection (Group II). mNGS reached a sensitivity of 92.31% in diagnosing pathogens in Group I. Moreover, mNGS showed good performance in identifying mixed infection. In all infection types, lung infection was the most common. mNGS also played an important role in detecting Pneumocystis jirovecii, which was associated with low CD4+ T-cell counts inextricably.



Conclusion

mNGS is a useful tool with outstanding diagnostic potential in identifying pathogens in patients with CTDs and conduce to provide guidance in clinical practice.





Keywords: metagenomic next-generation sequencing, infection, connective tissue diseases, immunosuppression, diagnosis



Introduction

Connective tissue diseases (CTDs) have significant morbidity and mortality, due in part to concurrent infections (Falagas et al., 2007). The reasons why patients with CTDs show a peculiar vulnerability to infection are diverse: the changes in the intrinsic immune environment, the use of immunosuppressive drugs, and the severity of the disease and complications (Di Franco et al., 2017). One of the major immunological alterations is represented by impairment of the complement system, which is strongly associated to the development of systemic lupus erythematosus (SLE) and to an increased susceptibility to infection (Skattum et al., 2011). Since most patients with CTDs have autoimmune dysfunction, long-term immunosuppressive treatments are inevitable, such as glucocorticoid, conventional disease-modifying anti-rheumatic drugs, and biologics. Although therapeutic agents have improved the symptoms of patients substantially, they are also responsible for a wide spectrum of infections, especially when used in combination (Chiu and Chen, 2020). Infection can also be related to the organ damage due to rheumatic diseases. Some CTDs are more likely to be complicated with interstitial lung disease (ILD), such as systemic sclerosis and dermatomyositis (Kawano-Dourado and Lee, 2021). Thus, underlying lung lesions secondary to CTDs may increase the incidence of respiratory tract infections (Ricci et al., 2021).

It is necessary to identify the correct pathogens quickly, because inaccurate coverage and untimely treatment can give rise to side effects or fail to achieve the desired results. With respect to the diagnosis of bacterial or fungal infections, there are various diagnostic methods. Direct examination and culture are currently the most common procedures. Smear is convenient but the positive rate remained at a relatively low level. As culture is time-consuming, it may delay the optimal treatment time. Furthermore, not all kinds of pathogens are suitable to be cultured and pathogens infecting the immunocompromised host can also be difficult to grow. Moreover, empiric broad-spectrum antimicrobial therapy may contribute to the occurrence of false-negative culture results (Farrell et al., 2013). Viruses are usually tested by nucleic acid-based tests, serologic tests, and immunological tests, which lack specificity to some extent (Vemula et al., 2016). Therefore, there is an urgent need to address the problems of quick and accurate diagnosis.

Recently, it is becoming extremely difficult to ignore the existence of metagenomic next-generation sequencing (mNGS). As a novel technique that has high-throughput capabilities, is unbiased, is accurate, and has a rapid turnaround time, mNGS has proven invaluable for detecting pathogens in clinical samples (Chen et al., 2020). These advantages allow the mNGS test to specify multiple pathogens simultaneously and detect the exit of microbial even with low abundance. mNGS also makes it possible to identify difficult-to-culture microorganisms. Although some studies on the application of mNGS in infectious diseases have been carried out, no previous study has investigated its application in patients with CTDs suspected of infection. The purpose of this study is to evaluate the ability of mNGS to detect pathogens and analyze the characteristics of the distribution of pathogens in CTDs associated with infection.



Methods


Study design

In this retrospective study, we consecutively enrolled 103 patients with CTDs undergoing the mNGS test because of suspected infection who were admitted at the Department of Rheumatology, the Second Affiliated Hospital of Zhejiang University School of Medicine, China, from December 2018 to September 2021. Suspected infection was defined as patients who presented with symptoms, such as fever, cough, weakness, or radiographic involvement. Samples were obtained from sites of suspected infection as clinically indicated, including blood, sputum, joint fluid, bronchoalveolar lavage fluid (BALF), and tissue. Other conventional microbiological tests (CMT) were carried out according to the condition of each subject as clinically indicated, including Gram stain, acid-fast bacilli smear, bacterial culture, fungal smear and culture, T-SPOT.TB test, Epstein–Barr virus and Cytomegalovirus IgM and IgG antibody test, Epstein–Barr virus and Cytomegalovirus nucleic acid detection, (1,3)-β-D-glucan assays (G test), galactomannan assays (GM test), Widal agglutination test, Cryptococcus neoformans capsular polysaccharide antigen detection, Aspergillus IgG antibody detection, and respiratory microorganism IgM antibody test (Mycoplasma pneumoniae, Chlamydia pneumoniae, Legionella pneumophila, respiratory syncytial virus, influenza virus A, influenza virus B, parainfluenza virus, and adenovirus).

A retrospective-review protocol was approved by the Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine in China [No. 2021 (1099)]. The ethics committee approved the waiver of informed consent due to the retrospective nature of the study. All research data were anonymously analyzed.



Case definition

Two independent clinicians analyzed an anonymized data file for each patient. Data were collected for each patient including demographic data, types of CTDs, laboratory examinations, glucocorticoid and immunosuppressive treatments, and results of all microbiological tests.

In view of all available documentation, it was determined whether each patient was confirmed to have an infection (Group I) or an infectious etiology could be excluded (Group II). First, they determined the likelihood of an infectious origin implied by clinical symptoms. Then, they identified pathogens that were potentially responsible for the episode of infection, based on mNGS and other microbiological tests. For non-commonly reported pathogens, unless mNGS results were in accordance with the patient’s clinical features, the detected reads were classified as non-pathogenic microbe sequences. Last, an infection-related diagnosis was established.



Sample processing

Low-speed centrifugation (1,500 g for 20 min) was performed to remove human cells in the samples including BALF, blood, and cerebrospinal fluid (CSF). For the blood, only the plasma was collected for further testing.

Samples were then homogenized using bead beating followed by DNA or RNA extraction using the IngeniGen DNA or RNA Extraction Kit (IngeniGen XMK Biotechnologies, Inc., Zhejiang, China). Briefly, a 300-μl sample was added to the lysate buffer and mixed thoroughly. The lysates were subsequently incubated for 30 min at 50°C. Then, magnetic beads were added to the mixture and placed stably for 10 min. The magnetic beads were washed with washing buffer 1 and washing buffer 2, respectively. Last, 60 μl of elution buffer, which had been preheated at 65°C to elute the nucleic acids off the beads, was added.

The DNA or RNA libraries were prepared using the IngeniGen DNA or RNA Library Prep Kit according to standard procedures. Briefly, the DNA was fragmented, and the Illumina-compatible adaptors were added to the fragmented DNA simultaneously by a tagment enzyme. The library was purified by magnetic beads and then amplified by 15 PCR cycles. DNase was used to remove residual human DNA and the RNA was fragmented, followed by double-strand cDNA synthesis, end repair, dA tailing, and adapter ligation.

Sequencing was performed on the Illumina MiniSeq (Illumina, San Diego, CA) using 2 × 75 bp chemistry. Sterile nuclease-free water as a negative control was included in each run to detect the background contaminants, involved in the process of nucleic acid extraction, library preparation, and sequencing. A kind of unique marine bacterium (100 CFU/ml) as an internal control was also added to each sample to monitor the whole process. Data analysis was performed using IngeniSeq MG, a proprietary automated shotgun metagenomics analysis platform for pathogen detection. Briefly, all raw reads were quality-filtered using an in-house made program, including filtering adapter contamination and low-quality and low-complexity reads. Next, the human host sequence mapped to the human reference genome (hg19) and other contaminant sequences that were known to be derived from the reagents were removed by using Burrows–Wheeler alignment, and the filtered sequences were de-duplicated and then matched against a curated database consisting of 20,343 microbial reference genomes, including 7,044 bacteria, 2,890 fungi, 9,233 virus, 172 parasites, 139 mycoplasma, and 128 chlamydia. All microbial reference genomes are downloaded from public databases, such as NCBI. The resulting hits were again filtered by a proprietary algorithm that further removed background contaminants that may appear during sampling processing and library preparation. The quality control matrix is briefly presented here: (1) a true-positive result is admitted only when the negative control has corresponding reads <10% compared with the sample; (2) the internal control should have reads >50 for the results to be valid in each sample.



Data analysis

The Mann–Whitney U rank sum nonparametric test was utilized to compare the laboratory examination data of two groups. The Chi-square test was applied to assess the pathogen-specific diagnostic performance of mNGS, and kappa statistics were used to evaluate agreements between mNGS and CMT. p-values < 0.05 were considered statistically significant. Statistical analysis was performed using the SPSS statistical package 25.0 software. Figure drawings were accomplished by GraphPad Prism 8.0 software.




Results


General characteristics

In the present study, a total of 103 patients were enrolled. The baseline characteristics of the patients are listed in Table 1. Factors include gender, age, maximum body temperature before treatment, course of primary disease, and types of CTDs. Among the 103 patients, 65 were diagnosed with infection by clinical and microbiological evidence (Group I) and 38 were finally confirmed without infection (Group II). The laboratory examinations of the two groups are shown in Table 2, including white blood cell (WBC), neutrophil (N), lymphocyte (Ly), C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), procalcitonin (PCT), ferritin, proportion and absolute CD4+ T-cell counts, and CD4+/CD8+ T-cell count ratio. Patients in Group I showed lymphopenia with a median lymphocyte count of 0.78 × 109/L in peripheral blood and had significantly lower total T-cell proportion (p = 0.048), CD4+ T-cell counts (p < 0.001), and proportion (p = 0.007) compared with Group II, while PCT (p = 0.017) and ferritin (p < 0.001) were significantly increased compared to Group II.


Table 1 | Demographics of the enrolled patients with suspected infection.




Table 2 | Laboratory examinations of infection and non-infection patients.





Distribution of clinically relevant pathogens

Sample sources of mNGS from all of the enrolled patients are shown in Table 3, including BALF, blood, and CSF. Among the 65 patients in Group I, distribution of infection sites is shown as follows. The most common site was lung (n = 54, 83.08%), followed by blood (n = 3, 4.62%), and skin and soft tissue (n = 3, 4.62%). Two patients with abdominal infection were diagnosed as subphrenic abscess and bacterial peritonitis. Two patients with brain infection were diagnosed as suppurative meningitis and viral encephalitis. One patient was diagnosed with infectious arthritis. Combined with CMT and mNGS, pathogens can be cleared in 61 patients but remain unknown in 4 patients. According to the results of pathogen distribution, bacteria (n = 27, 44.26%) was the most common pathogen identified, followed by fungi (n = 14, 22.95%) and virus (n = 6, 9.84%). Among the 27 patients infected by bacteria only, Gram-negative bacteria (n = 13, 20.00%) was the most frequent type, followed by Gram-positive bacteria (n = 8, 12.31%), and then Mycobacteria (n = 6, 9.23%). As for fungi, it should be noted that Pneumocystis jirovecii infected half of the patients. For those identified with Mycobacteria, three cases had Mycobacterium tuberculosis and there was one case each of Mycobacterium avium, Mycobacterium chelonae, and Mycobacterium intracellulare. Mixed infection was not rare and was found in 14 patients, 6 of whom were detected by mNGS only, 1 of whom by culture, and 7 of whom by both mNGS and conventional microbiological tests.


Table 3 | Different sample sources from all of the enrolled patients.





Performance of mNGS

The results of mNGS for the identification of clinically relevant pathogens are presented in Figure 1. The top four pathogens were P. jirovecii (n = 12), Cytomegalovirus (n = 7), Acinetobacter baumannii (n = 6), and Pseudomonas aeruginosa (n = 6). In seven subjects detected with Cytomegalovirus by mNGS, five were tested positive by PCR. Also worth noting was that Epstein–Barr virus was frequent; five subjects were positive for which by mNGS, and PCR confirmed the same results among four of them. Figure 1 also revealed the relationship between the site of sample collection and its legitimate pathogen detected correspondingly. Herein, diagnostic sensitivity and specificity of mNGS were calculated using the clinical composite diagnosis as reference standard. As shown in Table 4A, mNGS showed a good sensitivity of 92.31%. The specificity of mNGS was 71.05%. NPV and PPV were 84.38% and 84.51%, respectively. The results of mNGS and the causative pathogens in the final diagnosis were concordant for 56 of the 65 patients for the analyses performed on samples in Group I, with a coincidence rate of 86.15%. The comparison of the diagnostic results of mNGS with the method of culture and CMT for 103 patients is shown in Table 4B. mNGS had an agreement rate of 42.7% with culture (κ = 0.102) and 54.4% with CMT (κ = 0.212). Additionally, mNGS increased the positive rate of diagnosis compared with CMT (p = 0.003). For nine subjects with discordance results in Table 5, mNGS reported five false-negative cases, three of whom were detected pathogens by other microbiological tests but the rest could not be identified by the pathogen yet. Among the remaining four subjects, mNGS results were different from other microbiological tests and were not considered as causative pathogens combined with clinical manifestations.




Figure 1 | The correspondence between the sites of sample collection and frequency of different infection pathogens identified by mNGS in patients with confirmed infection (Group I).




Table 4a | mNGS value for evaluating infection in CTDs patients.




Table 4b | Diagnostic performance of mNGS compared with that of conventional methods.






Table 5 | Discordance results of different microbial detection tests in Group I.



For the 38 cases with no evidence of infection in Group II, mNGS detected pathogens in specimens from 11 patients, as shown in Supplementary Table 1. The microbes identified in the 11 cases by mNGS were present at relatively low abundance or considered as colonizing bacteria.



Lymphocyte subsets and their association with mNGS results

The absolute value of CD4+ T lymphocyte counts indicates the strength of immune function. CD4+ T-cell counts > 500/µl are generally considered as normal immune function. A cutoff of 200 CD4+ T cells/µl is defined as the key threshold to predict immune deficiency as usual (Freiwald et al., 2020). We investigated the pathogen type and frequency identified by mNGS with different degrees of CD4+ T-cell counts as in a prior study (Bordoni et al., 2019). Analysis of the subgroups based on the CD4+ T-cell counts is shown in Figure 2. In the CD4+ T cells<200/µl subgroup, P. jirovecii (n = 7) was the most detected pathogen, followed by Cytomegalovirus (n = 6).




Figure 2 | The relationship between pathogen type, infection frequency, and absolute value of CD4+ T-cell in patients with confirmed infection (Group I).






Discussion

Almost all patients with CTDs inevitably use immunosuppressive drugs to control the disease activity, which greatly increases the risk of infection (Wolfe and Peacock, 2017). Precise and timely microbial diagnosis of infection is essential for the clinical care of those immunocompromised patients. Some previous studies have reported about the mNGS diagnostic performance of infection in immunocompromised patients (Parize et al., 2017; Jiang et al., 2021). To our knowledge, this is the first study to evaluate the potential clinical relevance of mNGS involving different sites of specimen for the investigation of infection in a cohort of CTDs.

In our study, mNGS has a high sensitivity in identifying microorganisms and detecting a wide range of pathogens commonly and infrequently. This demonstrated that our study was capable of reflecting a variety of types of infectious diseases in adults admitted with suspected infection in a rheumatology unit. In the confirmed infection group (Group I), there were 19 patients suffering from dermatomyositis (DM)/polymyositis (PM), which ranked first in the enrolled CTDs. Six patients had anti-synthase antibody syndrome and five patients had anti-MDA5 positive dermatomyositis. A study confirmed the high mortality rate in Chinese DM/PM patients, with infection as the leading cause of death (Yang et al., 2020). Therefore, it is recommended to perform mNGS detection if we highly suspect infection in DM/PM patients.

It is noteworthy that for samples from 14 patients diagnosed with mixed infections, mNGS was able to detect pathogens in 13 of them. The diagnostic accuracy of mNGS was 92.86%. Wang et al. in their study found that the sensitivity of diagnosing mixed pulmonary infection by conventional diagnostic testing was 13.9%, which suggests that mixed infection is hard to detect (Wang et al., 2019). We suggest the timely use of mNGS when mixed infection or rare pathogens are suspected.

Lung infection was the most common in our study (54/65), identified by different samples. Forty-two were from BALF, seven from blood, two from lung and pleural biopsy, two from pleural effusion, and one from sputum. Clinicians tend to send BALF for examination, because it is generally accepted that BALF is the most direct sample to confirm whether patients suffer from lung infection (Zhang et al., 2014). In CTD-ILD, BAL has major clinical utility in excluding infections and in the diagnosis of specific patterns of lung damage. A retrospective study reviewing patients with DM-ILD undergoing bronchoscopy demonstrated that BAL can increase the diagnosis of infection in DM-ILD, and 22.1% patients commenced or changed antibiotic therapy on the basis of bronchoscopy results (He et al., 2021). Richter et al. found that pathogens were commonly grown from BALF of patients with granulomatosis polyangiitis (GPA) compared to those with idiopathic pulmonary fibrosis, and Staphylococcus aureus was particularly associated with patients with GPA (Richter et al., 2009). Bronchoscopy is a safe procedure in the general population, but as an invasive operation, there is no guarantee that it can be completely free from complications; serious adverse events could sometimes be observed in critically ill patients (Tomassetti et al., 2021). Thus, when patients in critical condition cannot tolerate bronchoscopy, it is more convenient to use blood samples. If it is possible, it will make great sense to design a prospective study to collect BALF and blood samples simultaneously to compare the accuracy of mNGS in identifying microorganisms in the future.

Our study clearly demonstrated that mNGS showed great potential to identify P. jirovecii. Similarly, Jiang et al. also reported that mNGS reached a sensitivity of 100% in diagnosing P. jirovecii pneumonia (PJP), which was remarkably higher than Gomori methenamine silver staining in non-HIV-infected patients (Jiang et al., 2021). In our study, mNGS figured out 12 cases with P. jirovecii infection, of which four subjects tested positive and eight subjects tested negative by G test. The diagnosis of PJP was based on the results of mNGS, combined with imaging manifestations in pulmonary and clinical symptoms such as decreasing oxygenation and dyspnea. Furthermore, subgroup analysis of CD4+ T-cell counts indicated that patients with low lymphocytes were vulnerable to P. jirovecii infection. Low CD4+ T-cell counts, attributable to glucocorticoid and immunosuppressant exposure to a certain extent, are identified as a significant risk factor for higher infection rate (Guillen et al., 2019). PJP is an opportunistic infection with high mortality among patients with underlying CTD conditions (Tadros et al., 2017). However, P. jirovecii cannot be cultured, and the sensitivity of conventional staining is low (Procop et al., 2004). Hence, the appearance of mNGS is utterly meaningful to detect P. jirovecii, especially on the condition of low CD4+ T-cell counts.

We can see that the rate of false-positive results had been high in patients who were confirmed without infection. Contamination is a probable factor, because of the various sample types, and the lack of a standard sample collecting method and site could affect the mNGS results. In addition, we can find that some of the microorganisms are the normal flora of the human oral cavity and upper respiratory tract, which are considered to be human symbiotic bacteria or colonizing bacteria, such as Prevotella melaninogenica and Rothia mucilaginosa. It is difficult to distinguish colonized pathogens from infection because there are no widely accepted quantitative cutoffs or threshold values for mNGS. Therefore, the definite diagnosis must be based on the comprehensive analysis of clinical characteristics, laboratory examinations, radiologic findings, and other microbiologic proofs rather than mNGS alone.

It should be mentioned that a recent Chinese study has attracted our attention (Su et al., 2022) because it was partially similar to our study. What separates them from us is that they only analyzed whole blood while our samples were collected from diverse sites and BALF was predominant. Types of CTDs with the highest incidence of infection were also slightly different; SLE and DM/PM ranked first and second in their results, whereas DM/PM and rheumatoid arthritis were more common in our study. Moreover, in their study, virus was the most common infection type, with Cytomegalovirus and Epstein–Barr virus being the highest, which showed a discrepancy with our findings, since our data showed that fungus such as P. jirovecii was observed the most. Distinctively, the pathogens of mixed infection were further classified in their results. Above all, both our results agree that mNGS had a higher detection rate than CMT.

This study had limitations. First, this was a retrospective study in a single center and the sample size was limited, which might have affected the accuracy of the evaluation of mNGS. Second, a negative control population of healthy individuals was not included in this study. Third, due to the complexity of infection, the sources of mNGS samples collected might not correspond to the infection site finally found through other microbial detection methods in a few patients. It may lead to a slight deviation in the results because we excluded these cases in advance during the study. Most importantly, we did not validate the diagnosis of some specific pathogens by quantitative real-time PCR (qPCR), such as P. jirovecii, Mycobacterium tuberculosis, and Aspergillus. qPCR as a molecular diagnostic method is applied widely and is highly sensitive for the analysis of species and abundance of microorganisms. However, because our study is a retrospective analysis, it would not be possible to verify the diagnosis of those samples by qPCR. We are convinced that it is of significance to conduct a comparison of the diagnostic efficiency of mNGS with qPCR in future research. To further evaluate the application of mNGS in the diagnosis of infections, multicenter prospective studies with a larger number of participants are encouraged. In addition, the sample collection method on mNGS performance needs further improvement.



Conclusion

Although there are some limitations, our study indicated that mNGS has opened a new avenue for its clinical application in terms of detection of infectious pathogens for patients with CTDs. It has a high sensitivity in identifying microorganisms, especially P. jirovecii, and outperforms other methods in detecting mixed infections.
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Laboratory examination

WBC, x10°/L

N, x10°/L

Ly, x10°/L

CRP, mg/L

ESR, mm/h

PCT, ng/ml

Ferritin, pg/L

Total T-cell proportion, %

CD4+ T-cell counts,/mm?®

CD4+ T-cell proportion, %
CD8+ T-cell proportion, %

CD4+/CD8+ T-cell count ratio

Total B-cell proportion, %

Group I (n = 65)

7.80 (5.05-10.60)
6.74 (3.48-9.19)
0.78 (0.48-122)
29.70 (11.20-79.90)
48.00 (17.75-72.25)
0.25 (0.11-0.58)
651.40 (293.70-1500.00)
68.80 (55.10-79.36)
201.16 (131.37-425.13)
33.10 (20.90-42.40)
27.60 (22.35-43.75)
1.16 (0.59-1.77)
11.10 (5.00-20.05)

Group II (n = 38)

6.91 (4.55-11.75)
4.64 (3.28-9.06)
1.35 (0.89-1.83)
18.80 (7.68-51.40)
63.00 (30.00-90.00)
0.12 (0.05-0.32)
183.20 (121.60-446.25)
76.50 (66.23-81.78)
492.11 (269.40-798.18)
42.50 (27.55-50.83)
29.35 (20.3-37.43)
1.32 (0.92-2.26)
1270 (7.91-20.23)

p-value

0.932
0.573
<0.001
0.215
0.072
0.017
<0.001
0.048
<0.001
0.007
0.538
0.089
0.486

Data are presented as median and interquartile. Group I: patients were confirmed with infection. Group II: patients were confirmed without infection. WBC, white blood cell; N, neutrophil;

Ly, lymphocyte; CRP, C-reaction protein; ESR, erythrocyte sedimentation rate; PCT, procalcitonin. Bold text indicates a statistically significant difference.
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Sample source

Bronchoalveolar lavage fluid
Blood

Lung and pleural biopsy
Joint fluid

Cerebrospinal fluid

Pleural effusion

Bone marrow

Skin and soft tissue
Pericardial fluid

Sputum

Ascites

Overall (n = 103)
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Name

KPC-4-F
KPC-4-mR
KPC-mP
NDM-1-F
NDM-1-mR
NDM-mP
OXA-2
OXA-2-R
OXA-mP
VIM-4-F
VIM-4-R
VIM-mP

Sequence (5-3))

AACGCCGCCGCCAATTTGTTGCTGAAGGAG
5'-Biotin-ATGCGGTGGTTGCCGGTCGTGTTTGCCTTT

5'-FITC-GCGATACTACGTTCCGTCTGGATCGCTGGG [THFJGCTGGAGCTGAACTC-/C3-spacer/-3'

ATGCTGAATAAAAGGAAAACTTGATGGAAT
5'-Biotin-GCCCCGAAACCCGTCATGTCGAGACAGGAA
5'-FITC-AATAAAAGGAAAACTTGATGGAATTGCCCA A[THFJATTATGCACCCGATC-/C3-spacer/-3’
GTAGACAGTTTCTGGCTCGACGGTGGTATT
5'-Biotin-TTCCTGTTTGAGCACTTCTTTTGTGATGGC
5'-FITC-TCGAACCTATGATTGGCTGGTGGGTCGGTT [THFJGGTTGAACTTGATGA-/C3-spacer/-3’
TTCATAGTGACAGCACGGGCGGAATAGAGT
5'-Biotin-CGTACGGTTTAATAAAACAACCACCGAATA
5'-FITC-CAATCCATCCCCACGAATGCGTCTGACTTA [THFJCTAATGAGCTGCTGA-/C3-spacer/-3’

Length (bp)

30
30
46
30
30
47
30
30
46
30
30
46

Amplicon size (bp)
269

196
238

232
327

140
258

217

Modified bases are in red. F represents forward primer, R signifies reverse primer, P means probe and m indicates modified.
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Method blagpc, n (%) blanpwm, n (%) blaoxa-ag-iikes N (%) blayp, n (%) Time (min)

RPA-LFS 134 (64.7) 69 (33.4)
PCR 134 (64.7) 69 (33.4)

1(0.4) 35

3(1.5)
3(1.5) 1(0.4) 100

N represents number.
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Species

K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
E. coli

P. aeruginosa
A. baumannii
S. pneumoniae
S. aureus

E. faecalis

K. pneumoniae
E. coli
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Strain amount

159

N oo

Source

Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum isolated strain
Sputum, urine, drainage fluid
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Sample type
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Characteristics Group I (n = 65) Group II (n = 38) Overall (n = 103)

Gender, female 40 (61.5) 33 (86.8) 73 (68.9)
Age, years 58 (48-66) 55 (42-64.5) 57 (46-66)
Body temperature, °C 38.4 (37.4-39.3) 38.0 (37.2-39.2) 384 (37.4-39.2)
Primary disease course, months 12 (5-60) 24 (3.75-120) 18 (5-72)
CTDs
Dermatomyositis/polymyositis 23 10 33
Rheumatoid arthritis 13 8 21
Systemic lupus erythematosus 11 7 18
Systemic vasculitis 5 5 10
Sjogren’s syndrome 3 3 6
Systemic sclerosis 4 0 5
IgG4-related disease 2 1 3
Adult-onset Still’s disease 2 1 3
Undifferentiated connective tissue disease 1 1 2
Sarcoidosis 0 1 1
Antiphospholipid antibody syndrome 1 0 1

Continuous variables are presented as median and interquartile range; binary variables are presented as number and percentage. Group I: patients were confirmed with infection. Group 1I:
patients were confirmed without infection. CTDs, connective tissue diseases.
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Age (years, mean + SD)
Gender (male/female)
Etiology
Alcohol
HBV
HCV
HBV plus alcohol
Others
Complications
Ascites 2/3
Gastrointestinal bleeding
Hepatic encephalopathy
HRS
Laboratory parameters
WBC (x10°/L), median (IQR)
neutrophil (%), median (IQR)
ALT (IU/L), median (IQR)
AST(IU/L), median (IQR)
PCT (ng/L), median (IQR)
CRP (mg/L), median (IQR)
Albumin (g/dl), mean + SD
Total bilirubin (umol/L), median (IQR)
PTA, mean + SD
Serum creatinine (umol/L), median (IQR)
Platelets (107/L), median (IQR)
Ascites WBC count (x10°/L), median (IQR)
Ascites PMN count (x10°/L), median (IQR)
Scores
CTP
MELD

SBP (n = 41)

58.6 £83
37/4

17 (41.5)
15 (37.5)
1(25)
4(9.8)
498

24/17
3(7.5)
4 (10.0)
5(12.5)

7.6 (5.1, 12.0)
81.4 (70.6, 85.4)
18.2 (8.1, 283)
36.5 (18.7, 63.7)
0.18 (0.10, 1.84)
17.4 (9.8, 48.8)
302 47
54.8 (154, 168.5)
65.7 % 30.9
91.2 (63.8, 179.5)
91.5 (63.4, 141.3)
1,693 (765, 3620)
1,437 (1,123, 3,587)

10.1 +1.8
16.0 £9.8

Bacterascites (n = 18)

594 +10.8
14/4

9 (50.0)
6(333)
0(0)
1(5.6)
2(1L1)

10/8
2(1L1)
2 (1L1)
1(5.6)

49 (32, 6.3)
73.9 (63.1, 86.7)
174 (10.1, 24.3)
242 (15.8, 49.8)
0.10 (0.05, 0.42)
100 (72, 33.2)

29344
344 (213, 46.9)
592 £16.8
84.4 (64.8, 134.0)
532 (26.2, 72.7)
220 (92, 322)
40 (8, 111)

9.6 +1.4
127 £53

no-AFI (n = 132)

57.8+92
104/28

47 (35.6)
50 (37.9)
6 (4.5)
9 (6.8)
20 (15.2)

80/52
12 (9.0)
17 (12.9)
22 (16.7)

37 (2.5, 63)
68.6 (59.2, 70.7)
19.5 (117, 31.6)
39.6 (24.9, 61.6)
0.15 (0.05, 1.82)
10.0 (6.5, 31.9)

29.7 £ 4.1
52.3 (26.6, 99.8)
58.7 £ 18.7
81.7 (59.5, 120.3)
79.5 (45.5, 114.8)
200 (130, 620)
54 (28, 94)

10.0 + 1.6
142 +79

0.766
0.298

0.934

0.906
0.886
0.859
0471

<0.01
<0.01
0.297
0.147
<0.01
0.297
0.741
0.282
0.231
0.422
0.008
<0.01
<0.01

0.688
0.714

SD, standard deviation; IQR, interquartile range; HRS, hepatorenal syndrome; WBC, white blood cell; PCT, procalcitonin; CRP, C-reactive protein; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; PTA, prothrombin activity; CTP, Child-Turcotte-Pugh score; MELD, model for end-stage liver disease; PMN, polymorphonuclear neutrophils; AFI,

ascitic fluid infection.

'P-value from the Kruskal-Wallis test for continuous variables or the Fisher’s exact test for discrete variables that compares patients with SBP to patients with bacterascites and no-AFL
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Group mNGS-positive
Culture-positive 13
Culture-negative 58
CMT-positive 27
CMT-negative 44

mNGS-negative

1
31

3
29

Agreement

42.7%

54.4%

p-value

0.077

0.003

mNGS, metagenomic next-generation sequencing. CMT, conventional microbiologic tests, including testing mentioned in the study design section.

Kappa

0.102

0.212
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Patient  Rheumatic

1D disease

29 Dermatomyositis

30 Polymyositis

31 Polymyositis

32 Dermatomyositis

34 Systemic
vasculitis

48 Adult-onset
Still’s disease

60 Undifferentiated
connective tissue
disease

61 Sjogren’s
syndrome

62 Overlap
syndrome

Infection
clinical
diagnosis

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

BALF, bronchoalveolar lavage fluid.

Sample

BALF

BALF
BALF

BALF

Plasma
Plasma

BALF

Plasma

BALF

NGS result [reads]

Haemophilus influenzae [7513), Moraxella catarrhalis [169]

Cytomegalovirus [92], Epstein-Barr virus [3]
Negative

Negative

Negative
Enterococcus casseliflavus [46]

Negative

Negative

Prevotella melaninogenica [202397], Veillonella parvula [25988],
Rothia mucilaginosa [25152], Epstein-Barr virus [48], Human
betaherpesvirus 7 (9], Human betaherpesvirus 6B [4]

Culture
results

Pseudomonas
aeruginosa

Staphylococcus

aureus

Candida
albicans

Negative

Negative

Negative

Negative

Negative

Negative

Other microbio-
logical diagnostic
testing results

Sputum culture:
Aspergillus fumigatus, G
test (+), GM test (+)

Negative
Negative

Respiratory pathogen
series antibodies:
Legionella pneumophila
IgM (+)

TSPOT (+)
G test (+)

Sputum culture:
Burkholderia cepacia

Sputum culture:
Candida albicans, G test
()

G test (+)
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Group mNGS-positive mNGS-negative

Confirmed infection 60 5
Excluded infection 11 27

mNGS, metagenomic next-generation sequencing. CTDs, connective tissue diseases. Sensitivity: 92.31%, specificity: 71.05%, positive predictive value (PPV): 84.38%, negative predictive
value (NPV): 84.51%.
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Species Source Strain amount
Porphyromonas gingivalis ATCC 33277
Acinetobacter baumannii Sputum

Aggregatibacter actinomycetemcomitans
Bacillus cereus

Bacillus mirabilis
Burkholderia cepacia
Candida albicans

Candiida tropicalis
Clostridium perfringens
Escherichia coli
Fusobacterium nucleatum
Haemophilus parainfluenzae
Klebsiella pneumoniae
Morganella morganii
Prevotella intermedia
Salmonella enterica

Serratia marcescens
Staphylococcus aureus
Stenotrophomonas maltophilia
Streptococcus mutans
Streptococcus pneumoniae
Streptococcus pyogenes
Tannerella forsythia

Vibrio parahaemolyticus

P. gingivalis

Gingival sulcus fluid
Urine

Vaginal discharge
Sputum

Sputum

Sputum

Blood

Sputum

Gingival sulcus fluid
Sputum

Sputum

Sputum

Gingival sulcus fluid
Feces

Sputum

Sputum

Sputum

Sputum

Sputum

Sputum

Gingival sulcus fluid
Feces

Gingival sulcus fluid
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Name Sequence (5’-3') Length Amplicon size (bp)
(bp)
#1 Forward AACGATGATTACTAGGAGTTTGCGATATAC 30 353
Reverse CCTTACGACGGCAGTCTCGGTAGAGTCCTCAGC 32
#2 Forward ACCAAGGCGACGATGGGTAGGGGAACTGAG 30 251
Reverse GCTGCTGGCACGGAGTTAGCCGATGCTTATTC 32
#3 Forward CCTGGTAGTCCACGCAGTAAACGATGATTA 30 220
Reverse TTCACCATCAGTCATCTACATTTCAATCCC 30
#4 Forward CACCAAGGCGACGATGGGTAGGGGAACTGA 30 178
Reverse CCCGTATAAAAGAAGTTTACAATCCTTAGGAC 32
#5 Forward CACCAAGGCGACGATGGGTAGGGGAACTGA 30 236
Reverse TAGCCGATGCTTATTCTTACGGTACATTCA 30
P1 Forward FITC-CCGTGAGGTGTCGGCTTAAGTGCCATAAC G[THFJGCGCAACCCACATCG-/C3-spacer/ 46 95
P2 Forward FITC-GGATTGTAAACTTCTTTTATACGGGAATA A[THFIGGGCGATACGAGTAT-/C3-spacer/ 46 97
#1mR Reverse Biotin-TACCACGGCAGTCTCGGTAGAGTCCTCA GC 30 354
#2mR Reverse Biotin-GCTGCTGGCACGGAGTTAGCCGATGCTTCTTC 32 251
mP1 Forward FITC-CCGCGATGTGTCGGATTAAGTGCCATAAC G[THFJGCGCAACCCACATCG-/C3-spacer/ 46 95
mP2 Forward FITC-GGATTGTAATCTTCTTTTATACGGGTATA A[THFJGGGCGATACGAGTAT-/C3-spacer/ 46 97

Sequences modified with base substitutions. Modified bases are in red.
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Method positive negative Amplification time (min)

RPA-LFS 118 12 35
gPCR 118 12 90
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Name Sequence (5’-3) Length (bp) Amplicon size (bp)
IytA-1-F ACAGAATGAAGCGGATTATCACTGGCGGAAAGA 33 351
ytA-1-R GGATAAGGGTCAACGTGGTCTGAGTGGTTGTTTG 34

IytA-2-F CCGTACAGAATGAAGCGGATTATCACTGGCG 31 355
ytA-2-R GGATAAGGGTCAACGTGGTCTGAGTGGTTGTTTG 34

IytA-3-F CAGAATGAAGCGGATTATCACTGGCGGAAAG 31 369
tA-3-R CCATTTAGCAAGATATGGATAAGGGTCAACG 31

IytA-4-F CATTGTTGGGAACGGTTGCATCATGCAGGTA 31 281
ytA-4-R CGTGGTCTGAGTGGTTGTTTGGTTGGTTATTICG 33

IytA-5-F GCAGGTTTGCCGAAAACGCTTGATACAGGG 30 154
ytA-5-R CATGCTTAAACTGCTCACGGCTAATGCCCCAT 32

P1 FITC-AATCTAGCAGATGAAGCAGGTTTGCCGAAA[THF] CGCTTGATACAGGGA-/C3-spacer/ 46 125
P2 FITC-CAATCTAGCAGATGAAGCAGGTTTGCCGAA[THF] ACGCTTGATACAGGG-/C3-spacer/ 46 113
ytA-2-mR Biotin-GGATAAGGGTCAACGTGGTCTGAGTGGTTGGTTG 34 /
ytA-4-mR Biotin-CGTGGTCTGAGTGGTTGTTTGGTTGGTTAGTCG 33 /
mP1 FITC-AGTCTAGCAGATGAAGCAGGTTTGCCGAAA[THF] CGCTAGATACAGGGA -/C3-spacer/ 46 /
mP2 FITC-CAATGTAGCTGATGAAGCAGGTTTGCTGAA[THF] ACGCTTGATACAGGG-/C3-spacer/ 46 /
PCR-IytA-F CAGATTTGCCTCAAGTCGGCGTGC 24 691
PCR-IytA-R CCTGTAGCCATTTCGCCTGAGTTGTC 26

Sequences modified with base substitutions. Modified bases are in red. F and R represent forward and reverse primers, respectively.
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positive negative Total Amplification time

Method

RPA-LFS 31 79 110 35 min

gPCR 31 79 110 90 min
110 2d

Culture-biochemical method 30 80
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Target

Staphylococcus aureus

Staphylococcus epidermidis

Staphylococcus lugdunensis

Staphylococcus spp.

Listeria spp.

mecA

mecA linked with S. aureus

mecA linked with S. epidermidis

Enterococcus faecalis

Enterococcus faecium

vanA

vanB

vanA linked with E. faecalis

vanA linked with E. faecium

vanB linked with E. faecalis

vanB linked with E. faecium

S. agalactiae

S. pneumoniae

S. pyogenes

S. anginosus group

*PPA, Positive Percent Agreement.

°N, number.

°95% Cl, 95% Confidence Interval.
INPA, Negative Percent Agreement.

®NA, not applicable.

Fresh

PPA?
Nb
(95% CI°)

99.1%
322/325
(97.3-99.8)
93.0%
294/316
(89.6-95.6)
87.5%
/8
(47.4-99.7)

97.9%
895/914
(96.8-98.7)

100%
3/3
(29.2-100)

94.1%
366/389
(91.2-96.2)

96.0%
72/75
(88.8-99.2)

94.4%
34/36
(81.3-99.3)

91.9%
34/37
(78.1-98.3)

975%
39/40
(86.8-99.9)
100%
25/25
(86.3-100)
100%
10/10
(69.2-100)
100%
9/9
(66.4-100)

NPA?
N
(95% Cl)

100%
926/926
(99.6-100)
98.7%
923/935
(97.8:99.9)
100%
1243/1243
(99.7-100)

99.4%
335/337
(97.9-99.9)

100%
1248/1248
(99.7-100)

97.8%
843/862
(96.6-98.7)

99.9%
1175/1176
(99.5-99.9)

100%
1215/1215
(99.7-100)

100%
1214/1214
(99.7-100)

100%
1251/1251
(99.7-100)

100%
1211/1211
(99.7-100)
99.6%
1221/1226
(99.1-99.9)
100%
1241/1241
(99.7-100)
99.8%
1239/1242
(99.3-99.9)

Frozen
PPA NPA
N N
(95% Cl) (95% CI)
100% 100%
10/10 165/165
(69.2-100) (97.8-100)
100% 100%
2/2 173/173
(15.8-100) (97.9-100)
100% 100%
12/12 163/163
(73.5-100) (97.8-100)
100% 99.3%
30/30 144/145
(88.4-100) (96.2-99.9)
NA 100%
175/175
(97.9-100)
100% 100%
9/9 166/166
(66.4-100) (97.8-100)
100% 100%
21/21 154/154
(83.9-100) (97.6-100)
100% 100%
32/32 143/143
(89.1-100) (97.5-100)
96.9% 97.9%
31/32 140/143
(83.8-99.9)  (94.0-99.6)
100% 100%
3/3 172/172
(29.2-100) (97.9-100)
100% 100%
31/31 144/144
(88.8-100) (97.5-100)
100% 100%
13/13 162/162
(75.3-100) (97.8-100)
92.9% 100%
13/14 161/161
(66.1-99.8) (97.7-100)
100% 100%
3/3 172/172
(29.2-100) (97.9-100)

PPA
N
(95% CI)

99.1%
332/335
(97.4-99.8)
93.1%
296/318
(89.7-95.6)
95.0%(h)
19/20
(75.1-99.9)

98.0%
925/944
(96.9-98.8)

100%
3/3
(29.2-100)

94.2%
375/398
91.5:96.3)

97.5%
157/161
(93.8-99.3)

92.0%
219/238
(87.8-95.1)

96.9%
93/96
91.1-09.4)

97.1%
66/68
(89.8-99.6)

94.2%
65/69
(85.8-98.4)

100%
3/3
(29.2-100)

85.7%
12/14
(57.2-98.2)

97.2%
69/71
(90.2-99.7)

100%
T
(69.0-100)

97.0%
32/33
(84.2-99.9)

98.6%
70/71
(92.4-99.9)
100%
38/38
(90.8-100)
95.8%
23/24
(78.9-99.9)
100%
12/12
(73.5-100)

Total

NPA
N
(95% CI)

100%
1091/1091
(99.7-100)

98.9%
1096/1108
(98.1-99.4)

100%
1406/1406
(99.7-99.9)

99.4%
479/482
(98.2-99.9)

100%
1423/1423
(99.7-100)

98.2%
1009/1028
(97.1-98.9)

98.8%
172/174(e)
(95.9-99.9)

81.5%
75/92
(72.1-88.9)

99.9%
1329/1330
(99.6-99.9)

100%
1358/1358
(99.7-100)

99.8%
1354/1357
(99.4-99.9)

100%
1423/1423
(99.7-100)

100%
95/95
(96.2-100)

93.0%
40/43
(80.9-98.5)

100%
102/102
(96.5-100)

100%
81/81
(95.6-100)

100%
1355/1356
(99.7-100)

99.6%
1383/1388
(99.2-99.9)
100%
1402/1402
(99.7-100)
99.8%
1411/1414
(99.4-99.9)

Simulated
PPA NPA
N N
(95% CI) (95% CI)
NA® 100%
216/216
(98.3-100)
100% 100%
2/2 214/214
(15.8-100) (98.3-100)
100% 99.5%
20/20 195/196
(83.2-100) (97.2-99.9)
100% 100%
25/25 191/191
(86.3-100) (98.1-100)
100% 100%
34/34 182/182
(89.7-100) (98.0-100)
NA 100%
216/216
(98.3-100)
92.3% 100%
12/13 203/203
(64.0-99.8) (98.2-100)
100% 99.4%
46/46 169/170
(92.3-100) (96.8-99.9)
100% 100%
156/15 201/201
(78.2-100) (98.2-100)
97.3% 100%
36/37 179179
(85.8-99.9) (98.0-100)
100% 100%
6/6 210/210
(54.1-100) (98.3-100)
100% 100%
8/8 208/208
(63.1-100) (98.2-100)
98.2% 100%
53/54 162/162
(90.1-99.9) (97.8-100)
100% 99.5%
23/23 192/193
(85.2-100) (97.2-99.9)
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Target

Escherichia coli

Klebsiella pneumoniae

Klebsiella oxytoca

Pseudomonas aeruginosa

Serratia marcescens®

Acinetobacter spp.

Citrobacter spp.

Enterobacter spp.

Proteus spp.

CTX-M

IMP

KPC

NDM

OXA

VIM

Fresh Frozen Pre-selected Simulated Total
PPA? NPA? PPA NPA PPA NPA PPA NPA PPA NPA
N° N N N N N N N N N
(95%CI°)  (95% Cl)  (95%Cl)  (95%Cl)  (95%Cl)  (95% Cl) (95% Cl)  (95% Cl)  (95%Cl)  (95% CI)
100% 99.1% 99.3% 99.2% 100% 99.5% 100% 100% 99.8% 99.4%
283/283 318/321 142/143 128/129 42/42 196/197 50/50 247/247 517/518 889/894
(98.7-100)  (97.3-99.8)  (96.2-100)  (95.8-100)  (91.6-100)  (97.2-100)  (92.9-100) (98.5-100)  (98.9-100)  (98.7-99.8)
88.0% 100% 87.0% 100% 94.7% 100% 99.2% 100% 93.1% 100%
88/100 504/504 40/46 226/226 36/38 201/201 121122 175/175 285/306 1106/1106
(80.0-93.6) (99.3-100) (73.1-95.1) (98.4-100) (82.3-99.4) (98.2-100) (95.5-100) (97.9-100) (89.7-95.7)  (99.7-100)
95.7& 98.2% 100% 99.6% 92.6% 100% 60.0% 100% 92.2% 99.6%
22/23 576/581 9/9 262/263 25/27 212/212 3/5 292/292 59/64 1342/1348
(78.1-99.9) (97.9-100)  (66.4-100)  (97.9-100) (75.7-99.1) (98.3-100) (14.7-94.7) (98.7-100) (82.7-97.4) (99.0-99.8)
97.1% 100% 91.7% 100% 100% 100% 100% 100% 97.6% 100%
67/69 535/535 1112 260/260 19/19 220/220 27/271 270/270 124/127 1285/1285
(89.9-99.7) (99.3-100) (61.5-99.8) (98.6-100) (82.4-100) (98.3-100) (87.2-100) (98.6-100) (93.3-99.5)  (99.7-100)
- = = - = = = - 88.5% 99.9%
23/26 294/297
(69.9-97.6)  (97.1-99.8)
100% 100% 50% 100% 100% 99.6% 100% 100% 98.2% 99.9%
12/12 592/592 12 270/270 15/15 223/224 27/21 270/270 55/56 1355/1356
(735-100)  (99.4-100)  (1.3-98.7)  (98.6-100) (78.2-100) (97.6-100)  (87.2-100) (98.6-100)  (90.5-100)  (99.6-100)
100% 99.8% 100% 100% 100% 100% 100% 100% 100% 99.9%
5/5 598/599 mn 27172711 13/13 226/226 30/30 267/267 49/49 1362/1363
(47.8-100)  (99.1-100) (2.5-100) (98.7-100)  (75.3-100)  (98.4-100)  (88.4-100) (98.6-100)  (92.8-100) (99.6-100)
95.6% 100% 95.2% 98.4% 100% 98.1% 100% 100% 97.6% 99.4%
43/45 559/559 20/21 247/251 29/29 206/210 28/28 269/269 120/123 1281/1289
(84.9-99.5) (99.3-100) (76.2-99.9) (96.0-99.6) (88.1-100) (95.2-99.5) (87.7-100) (98.6-100) (93.0-99.5) (98.8-99.7)
100% 100% 100% 100% 100% 99.5% 100% 100% 100% 99.9%
20/20 584/584 1212 260/260 24/24 214/215 2/2 295/295 58/58 1353/1354
(83.2-100)  (99.4-100)  (73.5-100)  (98.6-100)  (85.8-100)  (97.4-100)  (15.8-100) (98.8-100)  (93.8-100) (99.6-100)
97.5% 100% 91.2% 100% 100% 100% 100% 99.5% 98.7% 99.9%
39/40 497/497 1112 224/224 3/3 203/203 98/98 188/189 151/153 1112/1113
(86.8-99.9) (99.3-100) (61.5-99.8) (98.4-100) (29.2-100) (98.2-100)  (96.3-100) (97.1-100)  (95.4-99.8)  (99.5-100)
= 100% = 100% = 100% 100% 100% 100% 100%
537/537 236/236 206/206 48/48 239/239 48/48 1218/1218
(99.3-100) (98.5-100) (98.2-100)  (92.6-100) (98.5-100)  (92.6-100) (99.7-100)
100% 100% 100% 100% - 100% 100% 100% 100% 100%
2/2 535/535 mn 235/235 206/206 48/48 239/239 51/51 1215/1215
(15.8-100)  (99.3-100)  (2.5-100)  (985-100) (98.2-100)  (92.6-100) (98.5-100)  (93.1-100)  (99.7-100)
100% 100% = 100% - 100% 100% 100% 100% 100%
”n 536/536 236/236 206/206 40/40 247/247 41/41 1225/1225
(2.5-100) (99.3-100) (98.5-100) (98.2-100)  (91.2-100)  (98.5-100)  (91.4-100) (99.7-100)
100% 100% - 100% 50.0% 100% 98.3% 99.6% 95.3% 99.9%
5/5 532/532 236/236 2/4 202/202 54/55 231/232 61/64 1201/1202
(47.8-100)  (99.3-100) (98.5-100)  (6.8-93.2)  (98.2-100)  (90.8-100) (97.6-100) (86.9-99.0)  (99.5-100)
= 100% - 100% = 100% 100% 100% 100% 100%
537/537 236/236 206/206 41/41 246/246 41/41 1225/1225
(99.3-100) (98.5-100) (98.2-100)  (91.4-100) (98.5-100)  (91.4-100) (99.7-100)

PPA, Positive Percent Agreement.

°N, number.

°95% Cl, 95% Confidence Interval.
INPA, Negative Percent Agreement.
®Serratia marcescens is not IVD-cleared in the United States. Data were collected in a separate study conducted at a single external clinical site.
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Species

Genus

Group

Resistance

Staphylococcus aureus
Staphylococcus epidermidis
Staphylococcus lugdunensis
Streptococcus agalactiae
Streptococcus pneumoniae
Streptococcus pyogenes
Enterococcus faecalis
Enterococcus faecium

Staphylococcus spp.

Streptococcus spp.
Micrococcus spp.?
Listeria spp.

Streptococcus anginosus

mecA (methicillin)
vanA (vancomycin)
vanB (vancomycin)

a\licrococcus spp. is not IVD-cleared in the United States.
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Species Genus Resistance
Escherichia colf* Acinetobacter spp. CTX-M (ESBL)
Klebsiella pneumoniae Citrobacter spp. IMP (carbapenemase)
Klebsiella oxytoca Enterobacter spp. KPC (carbapenemase)
Pseudomonas aeruginosa Proteus spp. NDM (carbapenemase)

Serratia marcescens®

“Test does not distinguish Escherichia coli from Shigella spp. (S. dysenteriae, S. flexneri, S. boydii, and S. sonnei).

bSarratia marcescens is not IVD-cleared in the United States.

OXA (carbapenemase)
VIM (carbapenemase)
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Primers Sequences(5’-3’)

RPA-F GAAATTAATACGACTCACTATAGGGGAAGCTGAAAGGAATGACC
TACCCGATGT

RPA-R TGACTGTTATCAAGCGTCCAACTGGTGTC

crRNA-F GATTTAGACTACCCCAAAAACGAAGGGGACTAAAACCCAAAAAC
CTGATGAATGCCTTTCCCAA

crRNA-R  TTGGGAAAGGCATTCATCAGGTTTTTGGGTTTTAGTCCCCTTCGT

Probe

GGGGTAGTCTAAATC
FAM-mArArUrGrGrCmAmMArArUrGrGrCmA-Bio
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Assay Number of samples

Positive Negative
RT-gPCR 6 9
Cas13a lateral flow detection 6 9

Cas13a fluorescence detection 6 9
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Culture (case) Total (case) Rate (%)
mNGS Yes No
Cryptococcus (RPM =1) + 33 13 46
Cryptococcus (RPM >1) — 0 124 124
Total 33 187 170
Sensitivity 100.0 + 0.0
Specificity 90.5+25
Positive predictive value (PPV) 71.7 £ 6.6
Negative predictive value (NPV) 100.0 + 0.0
Concordance rate 92.4

mINGS, metagenomic next-generation sequencing;

RPM, reads per million.
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Raman spectroscopy and microbial analyses

Advantages Disadvantages

rapid no commercial database for microbial identification

sensitive

non-destructive

non-invasive

microbes remain viable after the analysis and can be used for further testing need for standardization (data presented in manuscripts are group-specific
highly reproducible within a device and custom-tailored)

simple sample preparation

no costly consumables necessary relatively expensive device

allowing detection of virulence factors need for trained personnel and possible automatization

allowing single-cell level analyses: applicable for non-culturable microbes, no need for cultivation is necessary or can be replaced by separation methods

cultivation
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Cases with suspected CNS
infection using mNGS (n=207)

Excluded cases (n=10):
Incomplete information (n=6)
Contamination (n=4)

Enrolled cases in this study
(n=197)

Non-cryptococcal infections (n=151, 76.6%):
Infectious CNS (n=101)
Immune CNS (n=24)
Others (n=26)

Cryptococcal CNS infections (n=46, 23.4%):
Cryptococcus neoformans infections (n=43, 93.5%)
Cryptococcus gattii infections (n=3, 6.5%)

mNGS true positive cases (n=43, 93.5%): mNGS false positive cases (n=6, 4.0%):
Cryptococcus neoformans (n=40) Cryptococcus neoformans (n=4)
Cryptococcus gattii (n=3) Cryptococcus gattii (n=2)
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Cryptococcal CNS infections (case)

mNGS Yes No
Cryptococcus (RPM >1) + 43 6
Cryptococcus (RPM >1) — 3 145
Total 46 1561
Sensitivity

Specificity

Positive predictive value (PPV)
Negative predictive value (NPV)
Concordance rate

Cryptococcal CNS infections: at least one routine cryptococcal diagnostic test showing posttivity.
CNS, central nervous system; mNGS, metagenomic next-generation sequencing; RPM, reads per mil

Total (case)

49
148
197

Rate (%)

93.5+36
96.0+ 1.6
87.8+4.5
98.0+1.2
95.4
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Sensitivity

mNGS 93.5% (43/46) + 3.6%
India ink 63.0% (29/46) + 7.1%
Fungal culture 76.7% (33/43) + 6.4%
CrAg 97.4% (37/38) + 2.6%

These assays were compared with the composite etiological diagnosis criteria (at least one routine cryptococcal diagnostic test showing positivity).
CNS, central nervous system; CrAg, cryptococcal capsular polysaccharide antigen; mNGS, metagenomic next-generation sequencing.

Specificity

96.0% (145/151) + 1.6%
100.0% (148/148) + 0.0%
100.0% (127/127) £ 0.0%

100.0% (44/44) + 0.0%

Concordance rate

95.4% (188/197)

91.2% (177/194)

94.1% (160/170)
98.8% (81/82)
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