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Bloodstream infections (BSIs), the presence of microorganisms in blood, are potentially serious conditions that can quickly develop into sepsis and life-threatening situations. When assessing proper treatment, rapid diagnosis is the key; besides clinical judgement performed by attending physicians, supporting microbiological tests typically are performed, often requiring microbial isolation and culturing steps, which increases the time required for confirming positive cases of BSI. The additional waiting time forces physicians to prescribe broad-spectrum antibiotics and empirically based treatments, before determining the precise cause of the disease. Thus, alternative and more rapid cultivation-independent methods are needed to improve clinical diagnostics, supporting prompt and accurate treatment and reducing the development of antibiotic resistance. In this study, a culture-independent workflow for pathogen detection and identification in blood samples was developed, using peptide biomarkers and applying bottom-up proteomics analyses, i.e., so-called “proteotyping”. To demonstrate the feasibility of detection of blood infectious pathogens, using proteotyping, Escherichia coli and Staphylococcus aureus were included in the study, as the most prominent bacterial causes of bacteremia and sepsis, as well as Candida albicans, one of the most prominent causes of fungemia. Model systems including spiked negative blood samples, as well as positive blood cultures, without further culturing steps, were investigated. Furthermore, an experiment designed to determine the incubation time needed for correct identification of the infectious pathogens in blood cultures was performed. The results for the spiked negative blood samples showed that proteotyping was 100- to 1,000-fold more sensitive, in comparison with the MALDI-TOF MS-based approach. Furthermore, in the analyses of ten positive blood cultures each of E. coli and S. aureus, both the MALDI-TOF MS-based and proteotyping approaches were successful in the identification of E. coli, although only proteotyping could identify S. aureus correctly in all samples. Compared with the MALDI-TOF MS-based approaches, shotgun proteotyping demonstrated higher sensitivity and accuracy, and required significantly shorter incubation time before detection and identification of the correct pathogen could be accomplished.
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Introduction

Blood stream infections (BSIs) are ranked as the third leading cause of health care-related infections (Seymour et al., 2016). BSIs are caused mainly by bacteria or fungi and are frequently derived from urinary tract or abdominal infections or community acquired pneumonia (Angus et al., 2001; Lagu et al., 2012). Common causative bacterial agents of BSIs include Escherichia coli, Staphylococcus spp., Enterococcus spp., Streptococcus spp., Pseudomonas aeruginosa, and Klebsiella spp. (Martinez and Wolk, 2016). The presence of Candida fungi in blood, referred to as, “candidemia”, is also common in hospitalized patients (Alam et al., 2014; Klingspor et al., 2018). Most cases of candidemia are caused by five species: Candida albicans; Candida glabrata; Candida parapsilosis; Candida tropicalis; and Candida krusei (Pappas et al., 2003; Bassetti et al., 2013; Lindberg et al., 2019; Xiao et al., 2019). Among them, C. albicans is the most common fungus isolated from BSI in adults and children and is associated with high rates of mortality (Alam et al., 2014; Steinbach, 2016). Early identification of infectious strains and treatment with appropriate anti-microbial drugs are the keys to reducing morbidity and mortality associated with BSI (Metzgar et al., 2016; Tassinari et al., 2018), as BSI can lead to sepsis (Huerta and Rice, 2018), a serious and life-threatening condition of multiorgan failure, triggered by an uncontrolled host response to an infection (Singer et al., 2016). On a global scale, sepsis is one of the most predominant causes of death in hospitalized patients (Fleischmann et al., 2016a; Fleischmann et al., 2016b; Grumaz et al., 2016; Ibrahim et al., 2020), highlighting the importance of rapid diagnostics of BSIs.

The blood culture is still the “gold standard” for the diagnosis of patients with BSI (Mancini et al., 2010; Źródłowski et al., 2018; Ombelet et al., 2019). The identification of pathogenic microorganisms and antimicrobial susceptibility testing also generally relies on the cultivation and identification of pathogens from blood culture flasks (Opota et al., 2015). Positive blood cultures indicate a microbial growth (bacteria and/or fungi), whereas negative blood cultures indicate no microbial growth in the blood culture flasks. Completed routine identification may be achieved within two days but may take longer for infections by different species and different strains (Seng et al., 2009; Kirn and Weinstein, 2013; Nagy et al., 2018). Drawbacks exist in performing the cultivation step, including the time required for the culturing itself, as well as the fact that many blood cultures are inconclusive, in the sense that the bacteria or fungi from patient samples may not grow in the culture or cannot be recovered, i.e. false negative results (Murray and Masur, 2012; Skvarc et al., 2013; Sinha et al., 2018; Hazwani et al., 2020; Źródłowski et al., 2020). However, false negative blood cultures may result from the presence of antibiotics in the culture, originating from the patient blood, from infections caused by opportunistic microorganisms that grow poorly in standardized, automated, blood culture systems or that only few viable cells of the pathogen have been recovered from patient blood samples (Sinha et al., 2018). Furthermore, the success of recovery of microorganisms in cases of bacteremia has been shown to be linked to the volume of blood initially taken (Murray and Masur, 2012; Skvarc et al., 2013; Loonen et al., 2014; Opota et al., 2015; Henning et al., 2019). In some cases, however, it is not possible to recover large volumes of blood (Kirn and Weinstein, 2013), for example, from newborn infants at neonatal intensive care units, wherein culture-independent diagnostics methods, i.e., not relying on blood cultures, and thus not needing large volumes of patient blood, would be of utmost importance (Steinbach, 2016; Henning et al., 2019).

Recently, methods for detection of genetic material (Mancini et al., 2010; Skvarc et al., 2013; Gosiewski et al., 2014; Liesenfeld et al., 2014; van de Groep et al., 2018), as well as DNA-sequencing-based methods (Grumaz et al., 2016; Gosiewski et al., 2017; Watanabe et al., 2018; Grumaz et al., 2020), have been used for the detection of pathogens in blood. Serological methods, including detection of lipopolysaccharides for Gram-negative bacteria or galactomannan for fungi (Opal, 2010; Dickson and Lehmann, 2019), but also methods based on Gram-staining and fluorescence in-situ hybridization (FISH) have been successfully applied for direct detection of pathogens in blood (Gosiewski et al., 2014; Źródłowski et al., 2020). An advantage of these methods is that they do not rely on isolates from blood cultures and can be used on samples where antibiotic treatment has been initiated (Źródłowski et al., 2018; Źródłowski et al., 2020). These procedures are efficient, although some of them are relatively expensive and not suitable for the routine in clinical laboratories with large numbers of samples (Mancini et al., 2010; Skvarc et al., 2013; Opota et al., 2015; Źródłowski et al., 2018; Briggs et al., 2021).

Matrix assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS)-based identification of microorganisms has emerged as an alternative or a complement to the traditional phenotypic methods (Seng et al., 2009; Ferroni et al., 2010; Welker and Moore, 2011; Spanu et al., 2012; Kondori et al., 2015). The implementation of MALDI-TOF MS identification into the clinical routine laboratories has been successful due to several benefits, including ease-of-use, speed in obtaining results, low cost, as well as high resolution of species identifications, in most cases (Florio et al., 2018). However, generally, the approach includes a necessary cultivation step, although efforts are being made to implement short cultivations steps or perform direct MALDI-TOF MS-based identification from the positive blood cultures (Florio et al., 2018; Briggs et al., 2021). A direct analysis of a patient sample, however, relies on successful removal of human blood cells and plasma proteins, as these may hinder the identification of bacterial and fungal pathogens, which are present to a much lesser degree in a blood sample, compared with the cells and proteins of human origin.

Even though the “gold standard” of blood cultures is nowadays complemented by molecular methods and MALDI-TOF MS approaches, none of the current rapid diagnostic methodologies is able to provide broad-range species identification as well as results regarding antibiotic susceptibility in one single analysis (Briggs et al., 2021). Therefore, development of reliable and rapid analytical techniques for comprehensive diagnostics and characterizations of infectious bacteria is still essential.

In this study, we investigate the use of unique peptides and bottom-up proteomics for performing rapid diagnostics of infectious bacteria and fungi. “Bottom-up proteomics”, as differentiated from “top-down proteomics”, relies on digestion of proteins into peptides using proteolytic enzymes, such as trypsin, followed by separation of the complex mixture of peptides, using a separation step, typically liquid chromatography (LC) prior to ionization, fragmentation and identification of peptides by tandem mass spectrometry (MS/MS) (Karlsson et al., 2015). Bottom-up proteomic approaches have been employed to increase the discriminative power and resolution of closely related species, i.e., to strain-level typing (Dworzanski et al., 2006; Karlsson et al., 2012; Chenau et al., 2014; Semanjski and Macek, 2016; Chen et al., 2019; Karlsson et al., 2020). Such “proteotyping” approaches, using peptide biomarkers, enable differentiating, for instance, the taxonomically close species of Streptococcus pneumoniae, Streptococcus pseudopneumoniae and Streptococcus mitis of the Mitis group of the genus Streptococcus (Karlsson et al., 2018). To facilitate the identification of species-unique peptides, several different bioinformatics pipelines have been developed to highlight peptides unique for different taxonomic levels (Family, Genus, Species) (Boulund et al., 2017; Grenga et al., 2019; Pible et al., 2020), including the Microorganism Classification and Identification (MiCId), which was used in this study (Alves et al., 2018; Alves and Yu, 2020). The goal of this study was to detect and identify bacteria and fungi directly in a model system including spiked negative blood samples, as well as in positive blood cultures, without further cultivation, using liquid chromatography tandem mass spectrometry (LC-MS/MS) and species-unique peptide identification, i.e. shotgun proteotyping (Karlsson et al., 2015; Karlsson et al., 2017; Karlsson et al., 2018; Karlsson et al., 2020).



Material and Methods


Experimental Design

Four different experiments were included, briefly outlined in Figure 1. The first experiment was designed to investigate a proper workflow for reducing cells and proteins of host origin, and therefore various host depletion methods were tested (Figure 1A). The next experiment was focused on assessing the sensitivity of the shotgun proteotyping approach, as compared to the traditionally used MALDI-TOF MS-based identification. This was performed by adding known amounts of bacterial or fungal cells to negative blood samples (Figure 1B). In the third experiment, positive blood cultures derived from patient samples, were analyzed to assess the accuracy of the shotgun proteotyping approach (Figure 1C). Finally, in order to investigate the time needed for correct identification of the infectious pathogens in blood cultures, a low number of bacterial or fungal cells (1,000 or 10,000) was added to blood culture flasks followed by incubation in a blood culture cabinet, and at each hour, from 2 to 7 hours, plus overnight (ON), samples were taken for analysis (Figure 1D). An overnight (ON) incubation corresponds to an hour range of 15-18 hours.




Figure 1 | The experimental design of the experiments included in the study. (A) Host depletion methods MolYsis, Saponin and Cytolysis were investigated by spiking negative blood with different numbers of cells from S. aureus. (B) Assessment of the sensitivity of shotgun proteotyping, compared with direct MALDI-TOF MS-based identification. Different numbers of cells were added to negative blood samples in the range of 1,000 cells/ml to 100 million cells/ml, and the samples were then analyzed by both methodologies. (C) Assessment of the accuracy of shotgun proteotyping and direct MALDI-TOF MS-based identification by analysis of positive blood cultures from the clinical routine laboratories. (D) Assessment of the incubation time needed for a positive identification of the correct species, using shotgun proteotyping and direct MALDI-TOF MS-based identification. A low number of cells (1,000 or 10,000) was added to negative blood samples, followed by incubation in a blood culture cabinet. Samples were taken after 2, 3, 4, 5, 6 and 7 hours of incubation, as well as after overnight (ON).





Cultivation of Bacteria and Fungi

Bacterial and fungal strains were acquired from the Culture Collection University of Gothenburg (CCUG, www.ccug.se). Staphylococcus aureus and Escherichia coli were included as representative bacterial pathogens and Candida albicans was included as a representative fungal pathogen. S. aureus (CCUG 41582), E. coli (CCUG 49263) and C. albicans (CCUG 32723) were cultivated on Columbia agar supplemented with 5% of defibrinated horse blood (Substrate Unit, Department of Clinical Microbiology, Sahlgrenska University Hospital, Gothenburg, Sweden) and incubated at 37°C, for 24 hours.



Host Biomass Depletion Methods: Saponin, MolYsis, and Cytolysis

Three different methods for host biomass depletion of the samples were investigated: A cytolysis approach, a protocol using Saponin and the use of a commercial kit (MolYsis Kit™ Basic5, Molzym, GmbH & Co. KG, Bremen, Germany) with a modified protocol. The Cytolysis approach relies on osmotic shock, lysis of human cells, but maintaining the integrity of bacterial and fungal cells, which are more resistant. The Saponin approach, which is used at the Department of Clinical Microbiology (Sahlgrenska University Hospital, Gothenburg, Sweden) for performing direct MALDI-TOF-MS-based analyses of blood samples, consists of adding a solution of saponin for lysis of host cells. The MolYsis kit has previously been used for identification of S. aureus in positive blood cultures (McCann and Jordan, 2014; Thoendel et al., 2016), for application of PCR-based methods. However, in the procedure, the first step of the MolYsis workflow entails selective lysis of human blood cells, whereby a pellet of bacteria or fungi is achieved. The later steps of the procedure involve lysis of the cells and extraction of DNA, although, in this study, the MolYsis procedure was used only for removal of human cells and the generation of a pellet of bacteria or fungi, as described previously (Karlsson et al., 2020). The pellet of bacteria or fungi was then processed, using a separately developed protocol, as described.



MolYsis Clean-Up

The MolYsis™ Kit (Molzym, GmbH & Co. KG, Germany) was used, according to the manufacturer´s instructions, with some adjustments (Karlsson et al., 2020). After centrifugation at 12,000 x g for 5 minutes, the supernatant was discarded, and the pellet saved. MALDI-TOF MS was performed on the bacterial pellets. In cases where pellets were not large enough to be processed, they were dissolved in 5 µl of deionized water (W6-212 Water, Optima® LC/MS, Fisher Chemical), whereas the pellet for proteotyping was dissolved in 150 µl of PBS.



Saponin Clean-Up

An in-house Saponin clean-up method, modified from a protocol (Ferroni et al., 2010) was implemented. Saponin solution (200 μl of 5% solution in distilled water) was added to 1 ml of blood culture sample. The suspension was vortexed and then allowed to stand at room temperature for 5 minutes. The suspension was then centrifuged at 12,000 x g for 1 minute. The pellet was washed 3 times by resuspension with 1 ml distilled water and centrifugation at 12,000 x g for 5 minutes. The final supernatant was discarded, and the pellet was saved. MALDI-TOF MS was performed on the bacterial pellets. In cases where pellets were not large enough to be processed, they were dissolved in 5 µl of deionized water (W6-212 Water, Optima® LC/MS), while the pellet for proteotyping was dissolved in 150 µl of PBS.



Cytolysis Clean-Up

Cell lysis by osmotic shock (Cytolysis) was performed. The blood culture sample was centrifuged at 12,000 x g for 5 minutes. The supernatant was discarded, and 1 ml deionized water was added to resuspend the pellet, to create osmotic shock for the blood cells, lysing them, but leaving bacterial and fungal cells intact. Samples were centrifuged at 12,000 x g for 1 minute. The supernatant was discarded, and the pellet saved. MALDI-TOF MS was performed on the bacterial pellets. In cases where pellets were not large enough to be processed, they were dissolved in 5 µl of deionized water (W6-212 Water, Optima® LC/MS), while the pellet for proteotyping was dissolved in 150 µl of PBS.



The Sensitivities and Specificities of MALDI-TOF-MS and Shotgun Prototyping

Horse blood was spiked with bacterial or fungal cells in 10-fold dilutions, generating a range of cell concentrations from 0 to 100 million cells/ml, to assess the sensitivity of the MALDI-TOF MS and nanoLC-MS/MS shotgun proteotyping methods. The final concentrations of bacteria or fungi in blood ranged from 0 up to 108 cells/ml (0, 10, 100, 1,000, 10,000, 100,000, 1 million, 10 million, 100 million cells/ml).



Preparation of Samples Spiked With Bacterial or Fungal Cells

Bacterial and fungal biomass were collected from agar plates and resuspended in phosphate-buffered saline (PBS). Bacterial and fungal cell densities (Optical Density, OD) were measured by spectrophotometry (WPA CO 8000 Cell Density Meter, Biochrom Ltd. Cambridge, United Kingdom) at a wavelength of 600 nm. For each experiment, the same amounts of biomass were established, by adjusting the OD to 1.0 (OD = 1.0 corresponds to ~108 bacteria) in 1 ml of PBS. The biomass was washed with PBS three times by centrifuging the sample for 5 minutes at 12,000 x g, discarding the supernatant and resuspending the pellet in 1 ml of PBS. Finally, the biomass was centrifuged for 5 minutes at 12,000 x g and supernatant discarded. The pellet was resuspended in 100 µl PBS, which was added to 900 µl sterile horse blood, creating the first spiked sample of 1 ml blood containing 108 bacterial cells per ml. This procedure was followed to create samples containing bacterial/fungal cells with 10-fold serial dilutions of 0 cells/ml to 100 million cells/ml (108). The spiking procedure was performed by generating two samples in parallel. In the final step, the two samples were combined, vortexed and split, in order to ensure that the contents of each portion were as equivalent as possible, i.e., to ensure the same number of cells in each sample. One of the samples was used for MALDI-TOF MS analysis and the other for proteotyping by tandem nanoLC-MS/MS.



Incubation Time Required for Direct Identification of Bacteria and Fungi by MALDI-TOF MS or Shotgun Proteotyping

The kinetics of direct identifications of bacteria and fungi by MALDI-TOFMS or proteotyping were studied by incubation of bacteria and fungi at a final concentration of 1,000 cells/ml (or 10,000 cells/ml) in the blood culture flasks (BACT/ALERT®FA Plus Aerobic 30 ml, bioMérieux, Marcy l’Etoile, France). The blood cultures were incubated in a continuous monitoring blood culture system (CMBCS) with a colorimetric sensor (BacT/Alert®; bioMérieux, Marcy l’Etoile, France) (Kennedy et al., 1995). The samples were collected from the blood culture tubes at different time points after incubation [2 h, 3 h, 4 h, 5 h, 6 h, 7 h and overnight (ON)]. Prior to analysis, the samples were subjected to the MolYsis clean-up procedure. The samples for MALDI-TOF MS were stored at 2°C until analysis or, in the case of proteotyping, were stored at -20°C until analysis by tandem nanoLC-MS/MS for detection of microbial pathogen in blood samples.



Analysis of Positive Blood Cultures

Positive blood cultures with E. coli (n=10), S. aureus (n=10) and C. albicans (n=5) were included in this study. The samples were collected at the Department of Clinical Microbiology, Sahlgrenska University Hospital in Gothenburg, Sweden. Only samples that were collected as part of the standard diagnostic protocols were included in this study; no additional or extra sampling from patients was carried out and no patient identifiable information was collected; hence, informed consent was not required. Blood cultures were incubated by means of a BacT/Alert continuous monitoring blood culture system (CMBCS) that detects bacterial or fungal growth. Bottles flagged as positive by the BacT/Alert system were sub-cultured and incubated at 37°C, under aerobic and anaerobic conditions, until positive growth or otherwise, for 7-10 days, and interpreted according to the standard protocols in the laboratory. Prior to proteotyping MS analysis, the samples were subjected to the MolYsis clean-up procedure.



Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS) Analysis

MALDI-TOF MS was performed on the bacterial pellets. In cases where pellets were not large enough to be processed, they were dissolved in 5 µl of deionized water (W6-212 Water, Optima® LC/MS). Each sample was spotted in four replicates on disposable target slides (VITEK® MS-DS slide, bioMérieux, France). After drying at room temperature, 1 µl of ready-to-use α-cyano-4-hydroxycinnamic acid (CHCA) matrix solution (VITEK® MS-CHCA, bioMérieux, France) was added and allowed to dry at room temperature. In the cases of Gram-positive bacteria (S. aureus) and fungi samples (i.e., C. albicans), prior to the addition of the CHCA matrix solution, 1 µl of a formic acid solution (70%, VITEK® MS-FA, bioMérieux, France) was added to the sample and allowed to dry at room temperature. Subsequently, the slides were placed in the MALDI-TOF MS (VITEK MS™ RUO v.3.0, bioMérieux, France) with standard settings for routine identification, in a mass range of 2 to 20 kDa, Research Use Only (RUO), to be analyzed. Controls in the slide were performed in each run with E. coli CCUG 10979. The resulting spectra were analyzed in the proprietary IVD (In Vitro Diagnostics) Knowledge Database v2 (bioMérieux, France).



Sample Preparation for Proteotyping

After the host biomass depletion methods (Saponin, Cytolysis or MolYsis), the pellets containing bacterial or fungal cells were resuspended in 150 µl of PBS. The cell suspensions were transferred to 200 µl vials containing glass beads (Sigma-Aldrich, G1145). The cells were lysed by bead-beating, using approx. 50 μl of acid-washed 150-212 μm glass beads in a 200 μl tube, with a TissueLyser (Qiagen, 85220) with the following settings: frequency 1/25 s and 5 minutes. The cell lysates were frozen at -20°C until analysis.



Digestion of Samples for Proteotyping Into Peptides

Samples were thawed and sodium deoxycholate (SDC, 5%) was added to a 1% final concentration. Trypsin (2 µg/ml, 100 µl ammonium bicarbonate, 20 mM pH 8) was added and samples were digested overnight (ON) at 37°C. SDC was removed by acidification with formic acid (neat; 2 µl to 100 µl sample) and the supernatant was stored in -20°C until analysis.



nanoLC-MS/MS Analysis of Proteotyping Samples

Peptide samples were desalted, using PepClean C18 spin columns (Thermo Fisher Scientific), according to the manufacturer’s guidelines, prior to analysis on a Q Exactive HF mass spectrometer (Thermo Fisher Scientific) interfaced with Easy nLC 1200 liquid chromatography system (Thermo Fisher Scientific). Peptides were trapped on an Acclaim Pepmap 100 C18 trap column (100 μm x 2 cm, particle size 5 μm, Thermo Fischer Scientific) and separated on an in-house packed analytical column (75 μm x 300 mm, particle size 3 μm, Reprosil-Pur C18, Dr. Maisch), using a linear gradient from 7% to 35% B over 45 or 75 minutes, followed by an increase to 100% B for 5 minutes at a flow of 300 nL/minutes, where solvent A was 0.2% formic acid in water and solvent B was 0.2% formic acid, 80% acetonitrile in water. MS/MS analysis was performed in a data-dependent mode where the precursor ion mass spectra were acquired at a resolution of 60,000, m/z 400-1,600, and the Top10 most intense precursor ions, with charge states of 2 to 4, were selected for fragmentation. The isolation window was set to 1.2 Da, and MS2 spectra were recorded at a resolution of 30,000, m/z 200-2,000. Dynamic exclusion was set to 20 seconds and 10 ppm.



MiCId Bioinformatics Pipeline for Microorganism Classification and Identification

Microorganism Classification and Identification (MiCId) is a workflow designed for the identifications of microorganisms, proteins and estimations of microbial biomass in samples (Alves et al., 2016; Alves et al., 2018; Alves and Yu, 2020). For a rapid identification of microorganism, MiCId (version v.06.11.2020) workflow performs peptide identification by querying the MS/MS spectra in a peptide-centric database and assigns to every peptide a MS/MS spectrum-specific measure, namely, E- value (Alves et al., 2007; Alves et al., 2008; Alves and Yu, 2008; Alves et al., 2010). To provide microorganism identification significances, MiCId computes a weighted unified E-value by combining the spectrum-specific E-values of the identified peptides mappable to a given microorganism. For each identified microorganism, MiCId also computes a prior probability using a modified expectation-maximization method. The computed prior probabilities reflect the relative protein biomasses, due to the various reported microorganisms, in the sample. Assigning to microorganism accurate E-values along with the prior probability, MiCId provides users a measure suitable for controlling false positives (type I errors). In MiCId’s default settings, microorganisms identified with E-values smaller or equal to 0.01 and with prior probability greater or equal to 0.01 are deemed true positives. Using these cut-off values allows users to control the false positive rate well below 5%.

Since peptides that are unique to a taxon at a given taxonomic level are often used as the main evidence for the presence of that taxon, a false identification of such unique peptides can have undesirable consequence. To better control false microorganism identification, in addition to computing a unified E-value mentioned above, MiCId put an extra requirement for an identified peptide to qualify as an unique peptide. An identified unique peptide to a given taxon must have an E-value 10-4 or less aside from uniquely mappable to that taxon (Alves et al., 2018).

The database MiCId used to query MS/MS spectra comprises 3,887 organisms, including Homo sapiens and Equus caballus, covering 1,959 species. Protein sequences included in the database, for the 3,868 organisms (excluding Shigella), were downloaded (on April 27, 2020) from the National Center for Biotechnology Information (NCBI) at (ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/).

Supplementary Table 7S lists the microorganisms included. When performing database searches, up to two missed cleavage sites per peptide were allowed under the digestion rules of trypsin and Lys-C. The amino acid cysteine was kept unmodified. The mass error tolerance of 5 ppm was set for precursor ions and 20 ppm for product ions.




Data Availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier, PXD023033.



Results


Host Biomass Depletion Methods of Blood Samples

Three different host biomass depletion methods were employed on blood samples spiked with S. aureus (CCUG 41582), wherein the MolYsis™ kit was observed to reduce the number of peptides from horse blood origin (n= 17, 44 and 62 at 0, 106 and 108 cells respectively) while also recovering bacterial peptides (n=0, n=6 and n=415 from 0, 106 and 108 cells, respectively) (Table 1). The computed prior probabilities reflect the relative protein, due to the various reported (micro)organisms in the sample and can be used to assess the performance of the clean-up protocols. Table 1 shows that, for the horse blood spiked samples with 106 and 108 cells/ml, the relative sample biomass for S. aureus are respectively around 25% and 93% via MolYsis, around 5% and 75% via Saponin, and around 0% and 60% via Cytolysis (Table 1 and Supplementary Table 1S). MALDI-TOF MS (results not shown in the table) only identified S. aureus when 108 cells/ml were added to the blood samples.


Table 1 | Assessment of host biomass depletion methods prior to MS analyses.





The Sensitivities and Specificities of MALDI-TOF MS and Shotgun Proteotyping

The sensitivities and specificities of the proteotyping approach were investigated by adding (spiking) known amounts of bacterial or fungal cells, ranging from 0 to 100 million cells/ml to negative horse blood samples. The MALDI-TOF MS approach correctly identified the bacteria in the spiked samples containing the highest amounts of cells, i.e., 100 million cells/ml, but was not able to detect bacteria at 10 million cells/ml or less. In contrast, proteotyping was able to detect and identify species-unique peptides of the studied pathogens (E. coli, S. aureus and C. albicans) even down to spiked samples with as low as 10,000 cells/ml. Thus, proteotyping, was a 100- to 1,000-fold more sensitive in comparison of MALDI-TOF MS (Table 2 and Supplementary Table 2S).


Table 2 | The sensitivity of the LC-MS/MS shotgun proteotyping protocol.





Analysis of Positive Blood Cultures

Samples from ten positive blood cultures from E. coli and S. aureus and five positive blood cultures from C. albicans were analyzed directly, without further culturing, using MALDI-TOF MS-based analysis and proteotyping. Table 3 shows the identifications from the direct MALDI-TOF MS analyses, as well as the number of species-unique peptides found by the proteotyping analysis. Both protocols were able to identify the correct species in all ten samples with E. coli. However, MALDI-TOF MS was able to identify S. aureus in only four of the ten samples, whereas proteotyping was able to correctly identify S. aureus in all ten samples. C. albicans was not identified using the direct MALDI-TOF MS-based approach, however, proteotyping successfully identified the correct species in 4 out of the 5 samples (Table 3).


Table 3 | Comparison of identification accuracies of MALDI-TOF MS and shotgun proteotyping.





Incubation Time Required for Direct Identification of Bacteria and Fungi by MALDI-TOF MS or Proteotyping

Direct MALDI-TOF MS detected and identified E. coli in bacterial positive blood culture flasks after incubation overnight, however, S. aureus and C. albicans were not detected by MALDI-TOF MS in any of the blood cultures at any time after incubation (Table 4). Proteotyping was able to detect S. aureus after 7 hours of incubation, and for E. coli a correct identification could be achieved after only 5 hours of incubation. C. albicans was correctly identified by proteotyping after ON incubation (Table 4 and Supplementary Table 4S).


Table 4 | Incubation times for identifications by shotgun proteotyping.






Discussion

Early recognition of BSIs is crucial for successful treatment of patients, before conditions worsen and, possibly, become fatal, by development of sepsis (Kumar et al., 2006; Loonen et al., 2014). Clinical manifestations of sepsis are variable, depending upon sites of infection and causative microorganisms, as well as underlying conditions of patients (Iskander et al., 2013; Huang et al., 2019; Özenci et al., 2019). Unfortunately, diagnosis of sepsis is complex and problematic, often delayed because early symptoms are not recognized; many symptoms are subtle and mimic other clinical conditions (Iskander et al., 2013). While sepsis may be identified by clinical signs and symptoms in a patient, no “gold standard” diagnostic test exists (Singer et al., 2016; Ibrahim et al., 2020).

Rapid diagnoses of bloodstream infections, helping physicians administer proper treatments, is essential for reducing mortality due to BSIs and sepsis, as well as reducing costs associated with hospitalized patients. Since bloodstream infections are most often caused by a single pathogenic species (monospecies infection), and only rarely caused by two or several pathogens (Bouza et al., 2013), efforts have been focused on being able to skip the isolation and sub-culturing steps and analyze the positive blood cultures directly (Ferroni et al., 2010; Stevenson et al., 2010; Radic et al., 2016; Salimnia et al., 2016; Florio et al., 2018; Briggs et al., 2021). However, the use of MALDI-TOF MS for identification of the pathogen requires in most cases, a pure culture isolate of the bacteria or fungi after observation of a positive blood culture in the cultivation step (Opota et al., 2015). Currently, blood cultures and PCR-based assays are the protocols used for detecting and identifying the agents responsible for bloodstream infections (Book et al., 2013). PCR-based gene-amplification methods are potentially faster, however, a disadvantage is that they require pre-defined targets, which is a not neglectable limitation since the range of unknown infectious agents is extensive. Furthermore, at the time of diagnosis, the responsible microorganisms may no longer be in the bloodstream or are otherwise not detectable with existing methods (Warhurst et al., 2015).

In this study, the concept of using shotgun proteotyping, i.e., bottom-up proteomics, and peptide biomarkers, for detection of bloodstream infectious pathogens, was investigated. The bioinformatics pipeline MiCId, was used for data evaluation and identification of taxonomically unique peptides (Alves et al., 2018). Shotgun proteotyping does not rely on the traditionally applied cultivation step to obtain a pure culture isolate, instead, the samples can be analyzed directly. A key step in the success of using mass spectrometry-based proteomics for discovery of pathogens directly in clinical samples, is the removal of human “contamination”, such as blood cells and plasma proteins. The presence of these highly abundant proteins may hinder the detection and identification of peptides originating from the pathogens, which are present in much lower abundance in the samples. Different host biomass depletion methods were applied, i.e., clean-up by osmotic shock (Cytolysis), Saponin-based cell lysis protocol (Ferroni et al., 2010) and a commercial kit (MolYsis kit Basic5). The MolYsis kit not only facilitated the discovery of a high number of the bacterial peptides after the clean-up, but greatly reduced the number of peptides originating from host blood, compared to the other two approaches (Table 1). This agrees with earlier studies, where the MolYsis kit was used for identification of S. aureus in positive blood cultures (McCann and Jordan, 2014; Thoendel et al., 2016); therefore, the MolYsis kit with a modified protocol (Karlsson et al., 2020) was used as a host biomass depletion method throughout the experiments included in this study.

When blood samples spiked with cells of bacteria and fungi were analyzed with both MALDI-TOF MS and with proteotyping, the MALDI-based approach was able to correctly identify the species when the highest numbers of cells were added to the blood sample (100 million cells), whereas the proteotyping approach was able to find species-unique peptides from as few as 10,000-100,000 cells, demonstrating a thousand-fold increase in the sensitivity. This was expected, since the MALDI-TOF MS identification needs a certain amount of biomass for the generation of good quality spectra, which can be matched against the spectral database. Analyses of positive blood cultures by proteotyping were able to correctly identify all the positive blood cultures, with high numbers of species-unique peptides from each sample. The MALDI-based approach was also able to identify all the positive blood cultures containing E. coli, but only 4 of 10 positive blood cultures were correctly identified for those containing S. aureus. This is in agreement with earlier studies, showing that the identification of Gram-positive bacteria, such as S. aureus, using direct MALDI-TOF MS-based identification (i.e., no isolation of bacteria by a sub-culture from the positive blood cultures) fails more often, thus producing false negatives, compared to the identifications of Gram-negative bacteria, including E. coli (Ferroni et al., 2010; Stevenson et al., 2010; Loonen et al., 2012; Kirn and Weinstein, 2013; Briggs et al., 2021). Interestingly, in general, a higher number of species-unique peptides was detected and identified for S. aureus compared to the E. coli in the ten positive blood cultures. The higher number of species-unique peptides most likely reflects the taxonomy of the two species, S. aureus being more separated from closely related species, and, thus, having a larger repertoire of species-unique peptides compared to E. coli, making it easier to identify a higher number of species-unique peptides (Boulund et al., 2017).

Proteotyping relies on the identification of unique peptides (at any taxonomic level) and thus rely on accurate and comprehensive, often manually curated databases. Falsely identified unique peptides thus have far-reaching adverse consequence. In this study, MiCId was used as a bioinformatics pipeline to minimize the need of human curation and intervention. As explained in the Materials and Methods section, MiCId demands a more stringent criterion (E-value < 10-4) for qualifying unique peptides. This effectively removes false positives in terms of microorganism identification when only unique peptides will be employed for taxon identification. By limiting the count of unique peptides to those of high identification confidence, one may expect that the sensitivity in microorganism identification will drop. In other words, the occurrence of false negatives. MiCId mitigates this issue by offering the unified microorganism E-value that combines all identified peptides mappable to that microorganism, not just the unique peptides. This strengthen the signal of a microorganism if it is present in the sample, hence reduces the false negatives while controlling the false positives.

The analysis of positive blood cultures suspected to contain C. albicans were negative when analyzed by the direct MALDI-TOF MS-based method. This could be because C. albicans may be at a different growth state in the blood cultures, compared to when grown on agar medium. Therefore, protein expression levels might differ and, hence, the spectra generated might not match the spectra in the databases. Furthermore, a higher background of blood proteins of host origin, is expected from samples drawn from blood culture flasks, as compared to cultures grown on an agar plate. As this study was not focused on improving the MALDI-based approach, but rather to demonstrate the ability of proteotyping to correctly identify not only bacteria, but also fungi, no further efforts were performed to improve the results from the MALDI-based approach. The identification of fungi by MALDI-TOF MS-based methods often benefits from expanded extraction protocols, however, this was not implemented in this study, as it was not part of the clinical laboratory routine. Proteotyping was able to correctly identify 4 of the 5 samples included in the study. Further work is therefore necessary to optimize the sample clean-up step, and hence improve the accuracy in the proteotyping workflow for detection and identification of C. albicans in blood.

A clear difference was seen in both sensitivity and identification accuracy when comparing direct MALDI-TOF MS with shotgun proteotyping. Since it was suspected that lower numbers of bacterial and fungal cells (biomass) were needed for being able to correctly identify the infectious pathogens, an experiment was performed, to investigate if it was possible to reduce the time needed for performing a correct identification, i.e., even before the blood culture cabinets gave off an alarm. Generally, bacterial and fungal growth in blood culture flasks was detected after overnight incubation in blood culture cabinet (BacT/Alert®). Here, we studied the limit of detection and identification of bacterial and fungal growth in blood culture flasks, by incubating 1,000 cells/blood flask for 2, 3, 4, 5, 6 and 7 h incubation, as well as overnight (ON). The MALDI-TOF MS-based method was able to correctly identify E. coli only after ON incubation and was not able to identify S. aureus and C. albicans, even after ON incubation. On the other hand, proteotyping was able to identify E. coli even after 4-5 h of incubation, S. aureus at 7 h incubation, and C. albicans at the ON incubation (Table 4). The early identification of E. coli (4-5 hours), compared with S. aureus and C. albicans could, in these experiments, be explained by the shorter doubling time of E. coli, however further studies are required to pinpoint the influence of the growth rates of different species on the time needed for identification by proteotyping. Furthermore, since highly abundant housekeeping proteins are taxonomically more conserved within Families/Genera they are easier to detect compared to identifying lower abundant unique peptides at the species level. Therefore, species-unique peptides in combination with peptides on higher taxonomic levels should be used in the diagnosis. These peptides are shared by different species e.g. within the same genus, but still they will provide important information and strengthen the identification of the correct species and improves the sensitivity of the analysis. For example, an earlier detection of higher taxonomic level peptide biomarkers, e.g., Enterobacteraceae, would be of great value in reducing precious time spent for reaching a diagnosis during a suspected sepsis. In this study, an ON incubation was used for the digestion of proteins into peptides, although recently, it has been shown that the digestion time required for processing samples in proteotyping workflows can be reduced to 15 minutes (Hayoun et al., 2019). The proteotypic workflow can also be optimized further by implementing a targeted LCMS approach of the proteotypic peptides using triple quadrupole MS instrumentation (already present in many clinical laboratories) eliminating the database matching step.

Typically, addressing bloodstream infection is done through treatment with broad-spectrum antibiotics (Kuti et al., 2008; Tassinari et al., 2018). The global range of bacteria resistant to multiple antibiotics, particularly pathogens of human diseases, presents major challenges for treatment and preventing the spread of infection. Without more effective diagnostic tools than what exists today, antimicrobial resistance (AMR) will continue to increase, and treatment options will be increasingly limited, with the establishment of so-called multi-resistant “superbugs”, e.g., Extended Spectrum β-Lactamase (ESBL) and Carbapenem-Resistant Enterobacteriaceae (CRE). The World Health Organization (WHO) has predicted the advent of the post-antibiotic era, facing infections for which no antibiotic treatment will be available (Reardon, 2014) With this prognosis, there is an increasingly critical need to develop new, rapid and reliable methodologies for comprehensive diagnostics of infectious microorganisms and associated virulence and antimicrobial resistance (AMR), to guide more appropriate treatments of infections, reduce the risk of AMR development, prevent mortality and reduce costs associated with treatment and infection control.

The recent evolution of mass spectrometers, with high sensitivity, accuracy and resolution, in conjunction with improved chromatographic separation techniques, enables detection of almost the entire expressed proteome of a microorganism (Armengaud, 2013). A great advantage of the proteotyping approach is that, whereas other traditionally used methods in clinical microbiology diagnostics rely completely on a successful isolation of a pure culture (including MALDI-TOF MS), proteotyping is able to identify tens of thousands of peptides, all potential markers for species, strain, resistance and virulence traits, from the same sample in just one analysis. Hence, proteotyping can identify several different species (or even strains) in a patient sample with a co-infection of bacteria/fungi (Karlsson et al., 2012; Karlsson et al., 2015; Karlsson et al., 2018). The growing amount of genome sequence data enables accurate detection of a growing number and diversity of microorganisms, as well as deeper understanding of traits such as virulence and antimicrobial resistance (AMR). With such analytical means, it is feasible to determine directly, within a clinical sample, the species identity, the sub-species strain type and factors expressing virulence and AMR.

In further studies, peptide biomarkers for blood infectious bacteria or fungi, even on different taxonomical levels, will be investigated. The approach of exploiting those biomarkers as a rapid, accurate and sensitive alternative to traditional, often culture-based, protocols would also need to be investigated. The proteotyping workflow in this paper was applied to demonstrate the feasibility of using peptide biomarkers to detect bacteria and fungi in blood samples, using culture-independent tandem mass spectrometry analyses. Attention was given to optimizing the workflow to reduce cells and proteins of host origin, as well as assessing the sensitivity and accuracy compared to the commonly used MALDI-TOF MS-based identification. At this stage, less attention has been given to the time and cost of the analysis, using the proteotyping workflow. To transfer the peptide biomarker candidates into a clinical setting, especially the cost per sample would need to be specifically addressed, as well as the time required from sample preparation to analysis result. The sample preparation step and the digestion step, to produce the biomarker peptides, are steps in the workflow where there is plenty of potential for reducing the processing time. Indeed, the proteotyping workflow has been shown to be markedly reduced, in some settings, to only 30 minutes (Hayoun et al., 2019). Further optimization and time-saving may include targeted LCMS approaches using already existing triple quadrupole MS instrumentation in the clinic. Furthermore, alternative strategies to reduce the cost and time per sample may include utilization of the unique amino acid sequences of the biomarker peptides found by shotgun proteotyping, as the biomarker information also may hold potential to be transferred into other diagnostics approaches, such as ELISA-based assays or, as previously shown, MALDI-TOF MS (Mery et al., 2016). A key benefit of using proteomics-based methods compared to methods detecting genetic material is the information regarding expression. Further studies will focus on markers for antibiotic resistance and virulence, ideally information regarding species and strain identification will be provided at the same time as information regarding expression of resistance and virulence traits in one single direct analysis of a clinical sample, without any culturing (Charretier et al., 2015; Karlsson et al., 2015).



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: ProteomeXchange via the PRIDE database PXD023033.



Ethics Statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

RK, AKa, AT, EM, and NKo designed research. AKu, BP-I, TT, NKa, AT, and JF performed research. RK, AKa, Y-KY, GA, and AO contributed new reagents/analytic tools. RK, AT, BP-I, FS-S, DJ-L, JF, AK, Y-KY, GA, and AO analyzed data. All authors contributed to the article and approved the submitted version.



Funding

RK, FS-S, DJ-L, and EM acknowledge support from the European Commission 7th Framework Programme: “Tailored-Treatment”, EU Grant Agreement No.: HEALTH-F3-602860-2013. Swedish Västra Götaland regional funding, project nos. ALFGBG-437221 supported RK, FS-S, EM, and ALFGBG-720761 supported RK, FS-S and EM. The Swedish Västra Götaland Region, FoU grant number VGFOUREG-665141 and Lab Medicine Project number 51060-6258 supported RK and EM. FS-S, DJ-L, and EM acknowledge support from the Swedish Västra Götaland Region, Lab Medicine Project number 51060-6268. FS-S and DJ-L were supported by stipends for Basic and Advanced Research from the Culture Collection of the University of Gothenburg (CCUG), through the Institute of Biomedicine, Sahlgrenska Academy, University of Gothenburg.



Acknowledgments

The CCUG and the staff are acknowledged for providing reference strains and expert characterization and maintenance. The CCUG is supported by the Department of Clinical Microbiology, Sahlgrenska University Hospital and the Sahlgrenska Academy of the University of Gothenburg, Sweden. The staff of the Bacteriology laboratory of the Department of Clinical Microbiology of Sahlgrenska University Hospital are acknowledged for providing clinical samples and for expert identification analyses. We acknowledge the expertise and effort of the Proteomics Core Facility, Sahlgrenska Academy, University of Gothenburg.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.634215/full#supplementary-material



Abbreviations

AMR, Antimicrobial resistance; BSI, Bloodstream infection; CCUG, Culture Collection University of Gothenburg; CHCA, α-cyano-4-hydroxycinnamic acid; CRE, Carbapenem-Resistant Enterobacteriaceae; ESBL, Extended Spectrum β-Lactamase ; FISH, fluorescence in-situ hybridization; IVD In Vitro Diagnostics ; LC-MS/MS, liquid chromatography tandem mass spectrometry; MALDI-TOF, matrix assisted laser desorption/ionization time of flight; MS, mass spectrometry ; MiCld, Microorganism Classification and Identification; mmu, millimass units; OD, Optical Density; ON, overnight; PRM, parallel reaction monitoring; RUO, research use only; SDC, sodium deoxycholate; TCUP, Typing and Characterisation Using Proteomics; VIR, virulence; WHO, World Health Organization.



References

 Alam, M. Z., Alam, Q., Jiman-Fatani, A., Kamal, M. A., Abuzenadah, A. M., Chaudhary, A. G., et al. (2014). Candida Identification: A Journey From Conventional to Molecular Methods in Medical Mycology. World J. Microbiol. Biotechnol. 30, 1437–1451. doi: 10.1007/s11274-013-1574-z

 Alves, G., Ogurtsov, A. Y., Wu, W. W., Wang, G., Shen, R.-F., and Yu, Y. K. (2007). Calibrating E-Values for MS2 Database Search Methods. Biol. Direct 2, 26. doi: 10.1186/1745-6150-2-26

 Alves, G., Ogurtsov, A. Y., and Yu, Y. K. (2008). RAId DbS: Mass-Spectrometry Based Peptide Identification Web Server With Knowledge Integration. BMC Genomics 9, 505. doi: 10.1186/1471-2164-9-505

 Alves, G., Ogurtsov, A. Y., and Yu, Y. K. (2010). RAId_aPS: MS/MS Analysis With Multiple Scoring Functions and Spectrum-Specific Statistics. PloS One 5 (11), e15438. doi: 10.1371/journal.pone.0015438

 Alves, G., Wang, G., Ogurtsov, A. Y., Drake, S. K., Gucek, M., Sacks, D. B., et al. (2018). Rapid Classification and Identification of Multiple Microorganisms With Accurate Statistical Significance via High-Resolution Tandem Mass Spectrometry. J. Am. Soc. Mass Spectrom. 29 (8), 1721–1737. doi: 10.1007/s13361-018-1986-y

 Alves, G., Wang, G., Ogurtsov, A. Y., Drake, S. K., Gucek, M., Suffredini, A. F., et al. (2016). Identification of Microorganisms by High Resolution Tandem Mass Spectrometry With Accurate Statistical Significance. J. Am. Soc. Mass Spectrom. 27 (2), 194–210. doi: 10.1007/s13361-015-1271-2

 Alves, G., and Yu, Y. K. (2008). Statistical Characterization of a 1D Random Potential Problem With Applications in Score Statistics of MS-Based Peptide Sequencing. Phys. A 387 (26), 6538–6544. doi: 10.1016/j.physa.2008.08.024

 Alves, G., and Yu, Y. K. (2020). Robust Accurate Identification and Biomass Estimates of Microorganisms via Tandem Mass Spectrometry. J. Am. Soc. Mass Spectrom. 31 (1), 85–102. doi: 10.1021/jasms.9b00035

 Angus, D. C., Linde-Zwirble, W. T., Lidicker, J., Clermont, G., Carcillo, J., and Pinsky, M. R. (2001). Epidemiology of Severe Sepsis in the United States: Analysis of Incidence, Outcome, and Associated Costs of Care. Crit. Care Med. 29, 1303–1310. doi: 10.1097/00003246-200107000-00002

 Armengaud, J. (2013). Microbiology and Proteomics, Getting the Best of Both Worlds! Environ. Microbiol. 15, 12–23. doi: 10.1111/j.1462-2920.2012.02811.x

 Bassetti, M., Merelli, M., Righi, E., Diaz-Martin, A., Rosello, E. M., Luzzati, R., et al. (2013). Epidemiology, Species Distribution, Antifungal Susceptibility, and Outcome of Candidemia Across Five Sites in Italy and Spain. J. Clin. Microbiol. 51 (12), 4167–4172. doi: 10.1128/JCM.01998-13

 Book, M., Lehmann, L. E., Zhang, X., and Stüber, F. (2013). Monitoring Infection: From Blood Culture to Polymerase Chain Reaction (PCR). Best Pract. Res. Clin. Anaesthesiol. 27 (2), 279–288. doi: 10.1016/j.bpa.2013.06.010

 Boulund, F., Karlsson, R., Gonzales-Siles, L., Johnning, A., Karami, N., Al-Bayati, O., et al. (2017). Typing and Characterization of Bacteria Using Bottom-Up Tandem Mass Spectrometry Proteomics. Mol. Cell Proteomics 16 (6), 1052–1063. doi: 10.1074/mcp.M116.061721

 Bouza, E., Burillo, A., Munoz, P., Guinea, J., Marin, M., and Rodriguez-Creixems, M. (2013). Mixed Bloodstream Infections Involving Bacteria and Candida Spp. J. Antimicrob. Chemother. 68 (8), 1881–1888. doi: 10.1093/jac/dkt099

 Briggs, N., Campbell, S., and Gupta, S. (2021). Advances in Rapid Diagnostics for Bloodstream Infections. Diagn. Microbiol. Infect. Dis. 99 (1), 115–219. doi: 10.1016/j.diagmicrobio.2020.115219

 Charretier, Y., Dauwalder, O., Franceschi, C., Degout-Charmette, E., Zambardi, G., Cecchini, T., et al. (2015). Rapid Bacterial Identification, Resistance, Virulence and Type Profiling Using Selected Reaction Monitoring Mass Spectrometry. Sci. Rep. 5, 139–144. doi: 10.1038/srep13944

 Chenau, J., Fenaille, F., Caro, V., Haustant, M., Diancourt, L., Klee, S. R., et al. (2014). Identification and Validation of Specific Markers of Bacillus Anthracis Spores by Proteomics and Genomics Approaches. Mol. Cell. Proteomics 13 (3), 716–732. doi: 10.1074/mcp.M113.032946

 Chen, S. H., Parker, C. H., Croley, T. R., and McFarland, M. A. (2019). Identification of Salmonella Taxon-Specific Peptide Markers to the Serovar Level by Mass Spectrometry. Anal. Chem. 91 (7), 4388–4395. doi: 10.1021/acs.analchem.8b04843

 Dickson, K., and Lehmann, C. (2019). Inflammatory Response to Different Toxins in Experimental Sepsis Models. Int. J. Mol. Sci. 20 (18), 4341. doi: 10.3390/ijms20184341

 Dworzanski, J. P., Deshpande, S. V., Chen, R., Jabbour, R. E., Snyder, A. P., Wick, C. H., et al. (2006). Mass Spectrometry-Based Proteomics Combined With Bioinformatic Tools for Bacterial Classification. J. Proteome Res. 5 (1), 76–87. doi: 10.1021/pr050294t

 Ferroni, A., Suarez, S., Beretti, J. L., Dauphin, B., Bille, E., Meyer, J., et al. (2010). Real-Time Identification of Bacteria and Candida Species in Positive Blood Culture Broths by Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry. J. Clin. Microbiol. 48 (5), 1542–1548. doi: 10.1128/JCM.02485-09

 Fleischmann, C., Scherag, A., Adhikari, N. K. J., Hartog, C. S., Tsaganos, T., Schlattmann, P., et al. (2016a). Assessment of Global Incidence and Mortality of Hospital-Treated Sepsis Current Estimates and Limitations. Am. J. Respir. Crit. Care Med. 193, 259–272. doi: 10.1164/rccm.201504-0781OC

 Fleischmann, C., Thomas-Rueddel, D. O., Hartmann, M., Hartog, C. S., Welte, T., Heublein, S., et al. (2016b). Hospital Incidence and Mortality Rates of Sepsis. Dtsch. Arztebl. Int. 113 (10), 159–166. doi: 10.3238/arztebl.2016.0159

 Florio, W., Tavanti, A., Barnini, S., Ghelardi, E., and Lupetti, A. (2018). Recent Advances and Ongoing Challenges in the Diagnosis of Microbial Infections by MALDI-TOF Mass Spectrometry. Front. Microbiol. 9, 1097. doi: 10.3389/fmicb.2018.01097

 Gosiewski, T., Flis, A., Sroka, A., Kedzierska, A., Pietrzyk, A., Kedzierska, J., et al. (2014). Comparison of Nested, Multiplex, qPCR; FISH; SeptiFast and Blood Culture Methods in Detection and Identification of Bacteria and Fungi in Blood of Patients With Sepsis. BMC Microbiol. 14, 313. doi: 10.1186/s12866-014-0313-4

 Gosiewski, T., Ludwig-Galezowska, A. H. H., Huminska, K., Sroka-Oleksiak, A., Radkowski, P., Salamon, D., et al. (2017). Comprehensive Detection and Identification of Bacterial DNA in the Blood of Patients With Sepsis and Healthy Volunteers Using Next-Generation Sequencing Method - the Observation of DNAemia. Eur. J. Clin. Microbiol. Infect. Dis. 36 (2), 329–336. doi: 10.1007/s10096-016-2805-7

 Grenga, L., Pible, O., and Armengaud, J. (2019). Pathogen Proteotyping: A Rapidly Developing Application of Mass Spectrometry to Address Clinical Concerns. Clin. Mass Spectrom. 14, A, 9–17. doi: 10.1016/j.clinms.2019.04.004

 Grumaz, C., Hoffmann, A., Vainshtein, Y., Kopp, M., Grumaz, S., Stevens, P., et al. (2020). Rapid Next-Generation Sequencing-Based Diagnostics of Bacteremia in Septic Patients. J. Mol. Diagn. 22 (3), 405–418. doi: 10.1016/j.jmoldx.2019.12.006

 Grumaz, S., Stevens, P., Grumaz, C., Decker, S. O., Weigand, M. A., Hofer, S., et al. (2016). Next-Generation Sequencing Diagnostics of Bacteremia in Septic Patients. Genome Med. 8 (1):73. doi: 10.1186/s13073-016-0326-8

 Hayoun, K., Gouveia, D., Grenga, L., Pible, O., Armengaud, J., and Alpha-Bazin, B. (2019). Evaluation of Sample Preparation Methods for Fast Proteotyping of Microorganisms by Tandem Mass Spectrometry. Front. Microbiol. 10, 1985. doi: 10.3389/fmicb.2019.01985

 Hazwani, T. R., Kazzaz, Y. M., Alsugheir, S., Aldelaijan, S., Alsugheir, F., Alali, H., et al. (2020). Association Between Culture-Negative Versus Culture-Positive Sepsis and Outcomes of Patients Admitted to the Pediatric Intensive Care Unit. Cureus 12 (8), e9981. doi: 10.7759/cureus.9981

 Henning, C., Aygül, N., Dinnétz, P., Wallgren, K., and Özenci, V. (2019). Detailed Analysis of the Characteristics of Sample Volume in Blood Culture Bottles. J. Clin. Microbiol. 57 (8), e00268–e00219. doi: 10.1128/JCM.00268-19

 Huang, M., Cai, S., and Su, J. (2019). The Pathogenesis of Sepsis and Potential Therapeutic Targets. Int. J. Mol. Sci. 20 (21), 5376. doi: 10.3390/ijms20215376

 Huerta, L., and Rice, T. (2018). Pathologic Difference Between Sepsis and Bloodstream Infections. J. Appl. Lab. Med. 3 (4), 654–663. doi: 10.1373/jalm.2018.026245

 Ibrahim, Z. M., Wu, H., Hamoud, A., Stappen, L., Dobson, R., and Agarossi, A. (2020). On Classifying Sepsis Heterogeneity in the ICU: Insight Using Machine Learning. J. Am. Med. Inf. Assoc.: JAMIA 27 (3), 437–443. doi: 10.1093/jamia/ocz211

 Iskander, K. N., Osuchowski, M. F., Stearns-Kurosawa, D. J., Kurosawa, S., Stepien, D., Valentine, C., et al. (2013). Sepsis: Multiple Abnormalities, Heterogeneous Responses, and Evolving Understanding. Physiol. Rev. 93 (3), 1247–1288. doi: 10.1152/physrev.00037.2012

 Karlsson, R., Davidson, M., Svensson-Stadler, L., Karlsson, A., Olesen, K., Carlsohn,, et al. (2012). Strain-Level Typing and Identification of Bacteria Using Mass Spectrometry-Based Proteomics. J. Proteome Res. 11 (5), 2710–2720. doi: 10.1021/pr2010633

 Karlsson, R., Gonzales-Siles, L., Boulund, F., Lindgren, Å., Svensson-Stadler, L., Karlsson, A., et al. (2017). “Proteotyping: Tandem Mass Spectrometry Shotgun Proteomic Characterization and Typing of Pathogenic Microorganisms,” in MALDI-TOF and Tandem MS for Clinical Microbiology, vol. 16. (Chichester, United Kingdom: John Wiley and Sons Ltd), 419–450. doi: 10.1002/9781118960226.ch16

 Karlsson, R., Gonzales-Siles, L., Boulund, F., Svensson-Stadler, L., Skovbjerg, S., Karlsson, A., et al. (2015). Proteotyping: Proteomic Characterisation, Classification and Identification of Microorganisms – A Prospectus. Minireview in Special Issue “Taxonomy of the 21st Century”. Syst. Appl. Microbiol. 38 (4), 246–257. doi: 10.1016/j.syapm.2015.03.006

 Karlsson, R., Gonzales-Siles, L., Gomila, M., Busquets, A., Salvà-Serra, F., Jaén-Luchoro, D., et al. (2018). Proteotyping Bacteria: Characterization, Differentiation and Identification of Pneumococcus and Other Species Within the Mitis Group of the Genus Streptococcus by Tandem Mass Spectrometry Proteomics. PloS One 13 (12), e0208804. doi: 10.1371/journal.pone.0208804

 Karlsson, R., Thorsell, A., Gomila, M., Salvà-Serra, F., Jakobsson, H. E., Gonzales-Siles, L., et al. (2020). Discovery of Species-Unique Peptide Biomarkers of Bacterial Pathogens by Tandem Mass Spectrometry-Based Proteotyping. Mol. Cell. Proteomics 19 (3), 518–528. doi: 10.1074/mcp.RA119.001667

 Kennedy, G. T., Barr, J. G., and Goldsmith, C. (1995). Detection of Bacteraemia by the Continuously Monitoring BacT/Alert System. J. Clin. Pathol. 48 (10), 912–914. doi: 10.1136/jcp.48.10.912

 Kirn, T. J., and Weinstein, M. P. (2013). Update on Blood Cultures: How to Obtain, Process, Report, and Interpret. Clin. Microbiol. Infect. 19 (6), 513–520. doi: 10.1111/1469-0691.12180

 Klingspor, L., Ullberg, M., Rydberg, J., Kondori, N., Serrander, L., Swanberg, J., et al. (2018). Epidemiology of Fungaemia in Sweden: A Nationwide Retrospective Observational Survey. Mycoses 61 (10), 777–785. doi: 10.1111/myc.12816

 Kondori, N., Erhard, M., Welinder-Olsson, C., Groenewald, M., Verkley, G., and Moore, E. R. (2015). Analyses of Black Fungi by Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS): Species-Level Identification of Clinical Isolates of Exophiala Dermatitidis. FEMS Microbiol. Lett. 362 (1), 1–6. doi: 10.1093/femsle/fnu016

 Kumar, A., Roberts, D., Wood, K. E., Light, B., Parrillo, J. E., Sharma, S., et al. (2006). Duration of Hypotension Before Initiation of Effective Antimicrobial Therapy is the Critical Determinant of Survival in Human Septic Shock. Crit. Care Med. 34 (6), 1589–1596. doi: 10.1097/01.CCM.0000217961.75225.E9

 Kuti, E. L., Patel, A. A., and Coleman, C. I. (2008). Impact of Inappropriate Antibiotic Therapy on Mortality in Patients With Ventilator-Associated Pneumonia and Blood Stream Infection: A Meta-Analysis. J. Crit. Care 23 (1), 91–100. doi: 10.1016/j.jcrc.2007.08.007

 Lagu, T., Rothberg, M. B., Shieh, M. S., Pekow, P. S., Steingrub, J. S., and Lindenauer, P. K. (2012). Hospitalizations, Costs, and Outcomes of Severe Sepsis in the United States 2003 to 2007. Crit. Care Med. 40, 754–761. doi: 10.1097/CCM.0b013e318232db65 Erratum in: Crit Care Med. 2012, 40(10), 2932.

 Liesenfeld, O., Lehman, L., Hunfeld, K. P., and Kost, G. (2014). Molecular Diagnosis of Sepsis: New Aspects and Recent Developments. Eur. J. Microbiol. Immunol. (Bp). 4 (1), 1–25. doi: 10.1556/EuJMI.4.2014.1.1

 Lindberg, E., Hammarström, H., Ataollahy, N., and Kondori, N. (2019). Species Distribution and Antifungal Drug Susceptibilities of Yeasts Isolated From the Blood Samples of Patients With Candidemia. Sci. Rep. 9, (1), 3838. doi: 10.1038/s41598-019-40280-8

 Loonen, A. J. M., Jansz, A. R., Stalpers, J., Wolffs, P. F. G., and van den Brule, A. J. C. (2012). An Evaluation of Three Processing Methods and the Effect of Reduced Culture Times for Faster Direct Identification of Pathogens From BacT/ALERT Blood Cultures by MALDI-TOF MS. Eur. J. Clin. Microbiol. Infect. Dis. 31 (7), 1575–1583. doi: 10.1007/s10096-011-1480-y

 Loonen, A. J. M., Wolffs, P. F. G., Bruggeman, C. A., and van den Brule, A. J. C. (2014). Developments for Improved Diagnosis of Bacterial Bloodstream Infections. Eur. J. Clin. Microbiol. Infect. Dis. 33, 1687–1702. doi: 10.1007/s10096-014-2153-4

 Mancini, N., Carletti, S., Ghidoli, N., Cichero, P., Burioni, R., and Clementi, M. (2010). The Era of Molecular and Other Non-Culture-Based Methods in Diagnosis of Sepsis. Clin. Microbiol. Rev. 23 (1), 235–251. doi: 10.1128/CMR.00043-09

 Martinez, R. M., and Wolk, D. M. (2016). Bloodstream Infections. Microbiol. Spectr. 4 (4). doi: 10.1128/microbiolspec.DMIH2-0031-2016

 McCann, C. D., and Jordan, J. A. (2014). Evaluation of MolYsis™ Complete5 DNA Extraction Method for Detecting Staphylococcus Aureus DNA From Whole Blood in a Sepsis Model Using PCR/Pyrosequencing. J. Microbiol. Methods 99, 1–7. doi: 10.1016/j.mimet.2014.01.013

 Mery, A., Sendid, B., François, N., Cornu, M., Poissy, J., Guerardel, Y., et al. (2017). Application of Mass Spectrometry Technology to Early Diagnosis of Invasive Fungal Infections. J. Clin. Microbiol. 54, 2786–2797. doi: 10.1128/JCM.01655-16

 Metzgar, D., Frinder, M. W., Rothman, R. E., Peterson, S., Carroll, K. C., Zhang, S. X., et al. (2016). The IRIDICA BAC BSI Assay: Rapid, Sensitive and Culture-Independent Identification of Bacteria and Candida in Blood. PloS One 11 (7), e0158186. doi: 10.1371/journal.pone.0158186

 Murray, P. R., and Masur, H. (2012). Current Approaches to the Diagnosis of Bacterial and Fungal Bloodstream Infections in the Intensive Care Unit. Crit. Care Med. 40 (12), 3277–3282. doi: 10.1097/CCM.0b013e318270e771

 Nagy, E., Boyanova, L., and Justesen, U. S. (2018). ESCMID Study Group of Anaerobic Infections. How to Isolate, Identify and Determine Antimicrobial Susceptibility of Anaerobic Bacteria in Routine Laboratories. Clin. Microbiol. Infect. 24 (11), 1139–1148. doi: 10.1016/j.cmi.2018.02.008

 Ombelet, S., Barbé, B., Affolabi, D., Ronat, J. B., Lompo, P., Lunguya, O., et al. (2019). Best Practices of Blood Cultures in Low- and Middle-Income Countries. Front. Med. 6, 131. doi: 10.3389/fmed.2019.00131

 Opal, S. M. (2010). Endotoxins and Other Sepsis Triggers. Contrib. Nephrol. 167, 14–24. doi: 10.1159/000315915

 Opota, O., Croxatto, A., Prod’hom, G., and Greub, G. (2015). Blood Culture-Based Diagnosis of Bacteraemia: State of the Art. Clin. Microbiol. Infect. 21 (4), 313 – 322. doi: 10.1016/j.cmi.2015.01.003

 Özenci, V., Klingspor, L., Ullberg, M., Chryssanthou, E., Denning, D. W., and Kondori, N. (2019). Estimated Burden of Fungal Infections in Sweden. Mycoses 62 (11), 1043–1048. doi: 10.1111/myc.12981

 Pappas, P. G., Rex, J. H., Lee, J., Hamill, R. J., Larsen, R. A., Powderly, W., et al. (2003). A Prospective Observational Study of Candidemia: Epidemiology, Therapy, and Influences on Mortality in Hospitalized Adult and Pediatric Patients. Clin. Infect. Dis. 37 (5), 634–643. doi: 10.1086/376906

 Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., Kundu, D. J., et al. (2019). The PRIDE Database and Related Tools and Resources in 2019: Improving Support for Quantification Data. Nucleic Acids Res. 47 (D1), D442–D450. doi: 10.1093/nar/gky1106

 Pible, O., Allain, F., Jouffret, V., Culotta, K., Miotello, G., and Armengaud, J. (2020). Estimating Relative Biomasses of Organisms in Microbiota Using “Phylopeptidomics”. Microbiome 8, 30. doi: 10.1186/s40168-020-00797-x

 Radic, M., Goic-Barisic, I., Novak, A., Rubic, Z., and Tonkic, M. (2016). Evaluation of PNA FISH® Yeast Traffic Light in Identification of Candida Species From Blood and non-Blood Culture Specimens. Med. Mycol. 54 (6), 654–658. doi: 10.1093/mmy/myw012

 Reardon, S. (2014). WHO Warns Against “Post-Antibiotic” Era. Nat. News. doi: 10.1038/nature.2014.15135

 Salimnia, H., Fairfax, M. R., Lephart, P. R., Schreckenberger, P., DesJarlais, S. M., Johnson, J. K., et al. (2016). Evaluation of the FilmArray Blood Culture Identification Panel: Results of a Multicenter Controlled Trial. J. Clin. Microbiol. 54 (3), 687–698. doi: 10.1128/JCM.01679-15

 Semanjski, M., and Macek, B. (2016). Shotgun Proteomics of Bacterial Pathogens: Advances, Challenges and Clinical Implications. Expert Rev. Proteomics 13 (2), 139–156. doi: 10.1586/14789450.2016.1132168

 Seng, P., Drancourt, M., Gouriet, F., La Scola, B., Fournier, P. E., Rolain, J. M., et al. (2009). Ongoing Revolution in Bacteriology: Routine Identification of Bacteria by Matrix-Assisted Laser Desorption Ionization Time-Of-Flight Mass Spectrometry. Clin. Infect. Dis. 49 (4), 543–551. doi: 10.1086/600885

 Seymour, C. W., Liu, V. X., Iwashyna, T. J., Brunkhorst, F. M., Rea, T. D., Scherag, A., et al. (2016). Assessment of Clinical Criteria for Sepsis: For the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 315 (8), 762–774. doi: 10.1001/jama.2016.0288

 Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M., Annane, D., Bauer, M., et al. (2016). The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 315 (8), 801–810. doi: 10.1001/jama.2016.0287

 Sinha, M., Jupe, J., Mack, H., Coleman, T. P., Lawrence, S. M., and Fraley, S. I. (2018). Emerging Technologies for Molecular Diagnosis of Sepsis. Clin. Microbiol. Rev. 31 (2), e00089–e00017. doi: 10.1128/CMR.00089-17

 Skvarc, M., Stubljar, D., Rogina, P., and Kaasch, A. J. (2013). Non-Culture-Based Methods to Diagnose Bloodstream Infection: Does It Work? Eur J. Microbiol. Immunol. (Bp) 3 (2), 97–104. doi: 10.1556/EuJMI.3.2013.2.2

 Spanu, T., Posteraro, B., Fiori, B., D’Inzeo, T., Campoli, S., Ruggeri, A., et al. (2012). Direct Maldi-Tof Mass Spectrometry Assay of Blood Culture Broths for Rapid Identification of Candida Species Causing Bloodstream Infections: An Observational Study in Two Large Microbiology Laboratories. J. Clin. Microbiol. 50 (1), 176–179. doi: 10.1128/JCM.05742-11

 Steinbach, W. J. (2016). Pediatric Invasive Candidiasis: Epidemiology and Diagnosis in Children. J. fungi (Basel Switzerland) 2 (1), 5. doi: 10.3390/jof2010005

 Stevenson, L. G., Drake, S. K., and Murray, P. R. (2010). Rapid Identification of Bacteria in Positive Blood Culture Broths by Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry. J. Clin. Microbiol. 48 (2), 444–447. doi: 10.1128/JCM.01541-09

 Tassinari, M., Zannoli, S., Farabegoli, P., Pedna, M. F., Pierro, A., Mastroianni, A., et al. (2018). Rapid Diagnosis of Bloodstream Infections in the Critically Ill: Evaluation of the Broad-Range PCR/ESI-MS Technology. PloS One 13 (5), e0197436. doi: 10.1371/journal.pone.0197436

 Thoendel, M., Jeraldo, P. R., Greenwood-Quaintance, K. E., Yao, J. Z., Chia, N., Hanssen, A. D., et al. (2016). Comparison of Microbial DNA Enrichment Tools for Metagenomic Whole Genome Sequencing. J. Microbiol. Methods 127, 141–145. doi: 10.1016/j.mimet.2016.05.022

 van de Groep, K., Bos, M. P., Savelkoul, P., Rubenjan, A., Gazenbeek, C., Melchers, W., et al. (2018). Development and First Evaluation of a Novel Multiplex Real-Time PCR on Whole Blood Samples for Rapid Pathogen Identification in Critically Ill Patients With Sepsis. Eur. J. Clin. Microbiol. Infect. Dis.: Off. Publ. Eur. Soc. Clin. Microbiol. 37 (7), 1333–1344. doi: 10.1007/s10096-018-3255-1

 Warhurst, G., Dunn, G., Chadwick, P., Blackwood, B., McAuley, D., Perkins, G. D., et al. (2015). Rapid Detection of Health-Care-Associated Bloodstream Infection in Critical Care Using Multipathogen Real-Time Polymerase Chain Reaction Technology: A Diagnostic Accuracy Study and Systematic Review. Health Technol. Assess. 19 (35), 1–142. doi: 10.3310/hta19350

 Watanabe, N., Kryukov, K., Nakagawa, S., Takeuchi, J. S., Takeshita, M., Kirimura, Y., et al. (2018). Detection of Pathogenic Bacteria in the Blood From Sepsis Patients Using 16s rRNA Gene Amplicon Sequencing Analysis. PloS One 13 (8), e0202049. doi: 10.1371/journal.pone.0202049

 Welker, M., and Moore, E. R. B. (2011). Applications of Whole-Cell Matrix-Assisted Laser-Desorption/Ionization Time-Of-Flight Mass Spectrometry in Systematic Microbiology. Syst. Appl. Microbiol. 34 (1), 2–11. doi: 10.1016/j.syapm.2010.11.013

 Xiao, Z., Wang, Q., Zhu, F., and An, Y. (2019). EpidemiologySpecies Distribution, Antifungal Susceptibility and Mortality Risk Factors of Candidemia Among Critically Ill Patients: A Retrospective Study From 2011 to 2017 in a Teaching Hospital in China. Antimicrobial. Resist. Infect. Control 8, 89. doi: 10.1186/s13756-019-0534-2

 Źródłowski, T. W., Jurkiewicz-Badacz, D., Sroka-Oleksiak, A., Salamon, D., Bulanda, M., and Gosiewski, T. (2018). Comparison of PCR, Fluorescent in Situ Hybridization and Blood Cultures for Detection of Bacteremia in Children and Adolescents During Antibiotic Therapy. Pol. J. Microbiol. 67 (4), 479–486. doi: 10.21307/pjm-2018-056

 Źródłowski, T., Sobońska, J., Salamon, D., McFarlane, I. M., Ziętkiewicz, M., and Gosiewski, T. (2020). Classical Microbiological Diagnostics of Bacteremia: Are the Negative Results Really Negative? What Is the Laboratory Result Telling Us About the “Gold Standard”? Microorganisms 8 (3), 346. doi: 10.3390/microorganisms8030346




Conflict of Interest: Authors AKa and RK are affiliated to a company, Nanoxis Consulting AB. The Company did not have influence on the collection, analysis, or interpretation of data, the writing of the paper, or the decision to submit for publication.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kondori, Kurtovic, Piñeiro-Iglesias, Salvà-Serra, Jaén-Luchoro, Andersson, Alves, Ogurtsov, Thorsell, Fuchs, Tunovic, Kamenska, Karlsson, Yu, Moore and Karlsson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2021.634215_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Mass Spectrometry Proteotyping-Based
Detection and Identification of
Staphylococcus aureus, Escherichia
coli, and Candida albicans in Blood





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mass Spectrometry Proteotyping-Based Detection and Identification of Staphylococcus aureus, Escherichia coli, and Candida albicans in Blood

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Experimental Design

          



          		

            Cultivation of Bacteria and Fungi

          



          		

            Host Biomass Depletion Methods: Saponin, MolYsis, and Cytolysis

          



          		

            MolYsis Clean-Up

          



          		

            Saponin Clean-Up

          



          		

            Cytolysis Clean-Up

          



          		

            The Sensitivities and Specificities of MALDI-TOF-MS and Shotgun Prototyping

          



          		

            Preparation of Samples Spiked With Bacterial or Fungal Cells

          



          		

            Incubation Time Required for Direct Identification of Bacteria and Fungi by MALDI-TOF MS or Shotgun Proteotyping

          



          		

            Analysis of Positive Blood Cultures

          



          		

            Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS) Analysis

          



          		

            Sample Preparation for Proteotyping

          



          		

            Digestion of Samples for Proteotyping Into Peptides

          



          		

            nanoLC-MS/MS Analysis of Proteotyping Samples

          



          		

            MiCId Bioinformatics Pipeline for Microorganism Classification and Identification

          



        



        



        		

          Data Availability

        



        		

          Results

        

          		

            Host Biomass Depletion Methods of Blood Samples

          



          		

            The Sensitivities and Specificities of MALDI-TOF MS and Shotgun Proteotyping

          



          		

            Analysis of Positive Blood Cultures

          



          		

            Incubation Time Required for Direct Identification of Bacteria and Fungi by MALDI-TOF MS or Proteotyping

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-634215-g001.jpg
e o w w o
o L i
2 eseee

oo us

- <
- e =

O\w-—

S smesessss
i

-
- naneg =






OEBPS/Images/table2.jpg
Spiked species Taxa identified Spiking concentration (cells/ml)

10* 10° 10° 107
S. aureus Species (S. aureus) 0/3 0/3 3/3
Genus (Staphylococus) 0/3 1/3 3/3
Family (Staphylococcaceae) 0/3 13 3/3
Order (Bacillales) 073 1/3 3/3
Class (Bacill) 0/3 1/3 3/3
Phylum (Firmicutes) 0/3 2/3 3/3
E. coli Species (E. coli) 3/3 3/3 3/3
Genus (Escherichia) 3/3 3/3 3/3
Family (Enterobacteriaceae) 3/3 3/3 3/3
Order (Enterobacterales) 3/3 3/3 3/3
Class (Gammaproteobacteria) 3/3 3/3 3/3
Phylum (Proteobacteria) 3/3 3/3 3/3
C. albicans Species (C. albicans) 0/3 3/3 3/3 3/3
Genus (Candida) 073 3/3 3/3 3/3
Family (Saccharomycetaceae) 073 3/3 3/3 3/3
Order (Saccharomycetales) 073 3/3 3/3 3/3
Class (Saccharomycetes) 073 3/3 3/3 3/3
Phylum (Ascomycota) 073 3/3 3/3 3/3

MICld identification results of S. aureus, E. coli and C. albicans spiked at different concentrations in horse blood.

The number x/y in the table is the identification fraction, in which the denominator shows the number of samples containing the microorganism and the numerator is the number of times
that microorganism is identified correctly. E. coli and S. aureus were analyzed through the concentration ranges of 10°-10° cells/mi, whereas C. albicans was analyzed through
concentration ranges of 1 0°%-107 cells/ml. MALDI-TOF MS (results not shown in the table) identified S. aureus, E. coli and C. albicans only when 10° cells/ml were added to the
blood samples.
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Incubation time in blood culture cabinet
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Incubation time needed for accurate identifications of E. coli, S. aureus and C. albicans, using shotgun proteotyping after incubation of 1,000 (or 10,000) cells in negative blood samples
and incubation in blood culture cabinets.
The number x/y in the table is the identification fraction, in which the denominator shows the number of samples containing the microorganism and the numerator is the number of times
that microorganism is identified correctly at different taxonomic levels. In the analyses of S. aureus, a false positive identification at the Firmicutes level was observed in one of the duplicates

at 3 h incubation.

Bold signifies a positive identification in at least one of the replicates.
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Species identified in Sample ID

Shotgun proteotyping ID (MiCld)

Direct MALDI-TOF

the routine clinical laboratories MS ID
Species Ln(E-value) Number of identified unique peptides Prior

E. coli El E. coli -1.413e+02 3 6.356e-01 E. coli
E2 E. coli -3.877e+02 14 7.162e-01 E. coli
E3 E. coli -1.605e+02 3 3.976e-01 E. coli
E4 E. coli -3.024e+03 96 5.957e-01 E. coli
ES E. coli -1.118e+02 2 3.694e-01 E. coli
E6 E. coli -2.224e+02 6 7.232e-01 E. coli
E7 E. coli -2.181e+03 68 9.299e-01 E. coli
E8 E. coli -4.306e+02 14 7.500e-01 E. coli
E9 E. coli -9.672e+02 30 7.335e-01 E. coli
E10 E. coli -7.703e+02 23 6.926e-01 E. coli

S. aureus S1 S. aureus -8.468e+01 11 4.528e-02 Negative
S2 S. aureus -3.991e+02 38 9.623e-02 Negative
S3 S. aureus -1.368e+03 113 3.798e-01 Negative
S4 S. aureus -2.098e+03 151 3.965e-01 S. aureus
S5 S. aureus -4.020e+03 303 6.842e-01 S. aureus
S6 S. aureus -8.035e+02 67 1.903e-01 Negative
S7 S. aureus -2.856e+02 20 9.698e-02 Negative
S8 S. aureus -8.655e+02 75 2.279e-01  S. aureus
S9 S. aureus -1.824e+02 25 6.388e-02 Negative
$10 S. aureus -3.495e+03 261 6.393e-01 . aureus

C. albicans C1 C. albicans -9.763e+01 14 1.150e-01 Negative
Cc2 C. albicans -2.334e+02 26 3.706e-01 Negative
C3 C. albicans -1.896e+01 2 1.696e-02 Negative
C4 C. albicans -9.807e+01 10 6,586e-01 Negative
C5 Negative - - - Negative

Results of analysis of ten positive blood cultures for E. coli and S. aureus and five for C. albicans, using MALDI-TOF MS and proteotyping. The identifications by MALDI-TOF MS, as well as

the number of species-unique peptides are shown.
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(cells/mi) depletion method
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MICId identification results of horse blood samples spiked with 0, 10° and 10° cells of S. aureus and processed with three diferent host biomass depletion methods.
MALDI-TOF MS (results not shown in the tabe) identified S. aureus only when 10 cells/ml were added to the blood samples. In that case, the identification was successful with all three host biomass depletion methods. The denominator of the
identification fraction shows the number of analyzed samples and the numerator shows the number of times each taxon has been identified; the number after " is the standard deviation (from trplicate analyses). For a taxon reported by MiCId,
the “average number of identified peptides” recordss the average total number of identified peptides mappable to that taxon, while the “average number of identified unique peptidies” sums to the total number of identified peptides satisfying the
following two conditions simultaneously: these peptides must be unique to that taxon at a given taxonomic level and must have E-values that are 10 or less.
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