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Editorial on the Research Topic 


Progress in Pathogen Identification Based on Mass Spectrometry


The rapid identification of microbial pathogens is essential for the diagnosis and treatment of infectious diseases and the development of targeted prevention and treatment measures. The ubiquitous spread of novel infectious agents and multi-drug-resistant bacteria has generated a pressing need to develop rapid and reliable methods for microbial identification and antimicrobial susceptibility testing, which have previously relied on traditional culture-based methods that are time-consuming and labor-intensive. The potential utility of mass spectrometry (MS)-based techniques, including matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS and liquid chromatography-tandem MS (LC-MS/MS), has been widely explored (Patel, 2015; Tran et al., 2015; Sandalakis et al., 2017; Oviano et al., 2018; Li et al., 2020). In the Research Topic of “Progress in Pathogen Identification Based on Mass Spectrometry”, we covered the latest progresses of MS technologies in the field of pathogen biology. The Research Topic contains sixteen articles: thirteen reports of original research, two reviews, and one brief research report, covering various research directions from pathogen identification and procedure optimization, the analysis of antimicrobial resistance, to database extension.

Ten articles address the Research Topic of targeting proteins, lipids, or nucleic acids with MS-based methods to obtain stable, high abundance expression profiles. The profiles of the targeted bacteria or fungi are then compared with existing profiles in a database to identify strains at the genus or species level. Proper specimen preprocessing is the first key step in this procedure. Cuénod et al. optimized the factors associated with the spectral quality of MALDI-TOF MS in species identification, comparing the significant differences obtained by varying the sample preparation protocol, bacterial culture time, and the interval from calibration to detection. More specifically, to reduce the problems caused by the insufficient coverage of commercial databases and the deficiencies in the multi-step protein extraction procedure used in the routine identification of clinical filamentous fungi, Ning et al. developed two rapid protein extraction methods using focused ultrasonication and zirconia-silica beads and built an in-house spectral library for the identification of filamentous fungi. That study reported the first use of zirconia-silica beads as a sample-processing method for building an in-house library of MALDI-TOF MS data. Another optimized protein extraction method was evaluated by Dai et al. These researchers combined density centrifugation and extra chemical lysis extraction to develop a rapid and simplified protocol for the direct identification of microorganisms in positive blood cultures. Like bacterial infections, fungal infections pose a major health burden, inducing superficial mycosis or organ disease, according to the invasion site. Baumbach et al. evaluated the reliability of MALDI-TOF MS for the identification of closely related zoophilic dermatophytes, and generated a score-oriented distance dendrogram. They compared the spectra obtained under two different growth conditions, i.e., liquid broth vs solid agar medium, which indicated that the use of liquid media for species identification or master spectra generation was not superior to the use of solid medium covered with filter paper. To establish an accurate and rapid identification method for Candida auris infection at the species level, De Carolis et al. developed a fast and reproducible MALDI-TOF MS assay and used the Bruker Daltonics Biotyper® database with C. auris spectrum profiles to generate a score-oriented dendrogram with a hierarchical cluster analysis. This allowed the classification of Candida isolates and non-Candida isolates according to species. In parallel research, they investigated the capacity of MS antifungal susceptibility testing (MS-AFST) to detect the susceptibility or resistance phenotypes of C. auris isolates, which is described in the next section. Some comparative studies have been based on different MALDI-TOF MS platforms or other proteomic analyses. Yi et al. evaluated the performance of Autof MS 1000 and Vitek MS in identifying closely related yeasts, including fourteen different species in five species complexes. The two commercial MALDI-TOF MS platforms differed in their identification capability: Autof MS 1000 showed a greater capacity for yeast identification, whereas Vitek MS was less accurate, mainly because the reference database of phylogenetically closely related yeast species was poor. In another comparative study, Kondori et al. used bottom-up proteomic approaches, LC-MS/MS, and species-specific peptide identification (shotgun proteotyping) to identify bacteria and fungi directly in a model system. The sensitivity and accuracy of the system in analyzing spiked negative blood samples and positive blood samples without further culture were compared with those of MALDI-TOF MS. This comparative study demonstrated that proteotyping-based methods, such as LC-MS, provided promising ways to detect infectious pathogens. This was confirmed in parallel by Bajaj et al. The structural diversity and species specificity of lipids and nucleic acids offer information that complements conventional protein-based MS approaches. Solntceva et al. reviewed the recent applications of MS-based lipidomics to the identification of microorganisms and the detection of antibiotic resistance. The latter is described below in detail. This review examines the future directions of MS in microbial lipidomics. Sun et al. combined MALDI-TOF MS with quantitative real-time PCR to determine the etiology of community-acquired pneumonia in the enrolled children and to identify the appropriate antibiotic therapy. That research is valuable for its provision of a comprehensive database of pathogens, including interrelated bacteria and viruses, and is extremely important in guiding antibiotic therapies based on etiology.

Antimicrobial resistance has evolved into a serious problem for public health, and rapid and accurate pathogen detection is essential for formulating effective programs of antibiotic treatment. MS-based techniques have opened another door in the field. Five articles are related in this Research Topic. Florio et al. provided a updated overview of the various methods based on MALDI-TOF MS that have been proposed, and provided well-referenced information on the antimicrobial resistance of clinically relevant bacteria. This included a method to assess β-lactamase activity by visualizing the hydrolysis of the β-lactam ring or the detection of biomarkers that correlate with drug-resistance. Wang et al. described proteins that were differentially expressed in drug-resistant and drug-susceptible Acinetobacter baumannii isolates, using label-free tandem mass tag labeling and a glycoproteomic analysis, to fully clarify the mechanism of antibiotic resistance. Similarly, Lu et al. investigated the failure of polymyxin B to affect A. baumannii by analyzing the whole membrane proteome of polymyxin-B-induced A. baumannii (ATCC 19606) with high resolution MS, using label-free quantitative and targeted proteome analyses to identify differentially expressed membrane proteins with nano-LC-MS/MS. In so doing, they developed a relatively rapid membrane protein extraction and preparation method. As mentioned above, Carolis et al. used a composite correlation index (CCI)-based proteomic approach to detect antifungal resistance in Candida species, developing a cost-effective and time-efficient method superior to conventional growth-based antifungal susceptibility testing. Similarly, Solntceva et al. confirmed the correlations between drug resistance and changes in membrane composition or the relative abundances of lipids. These studies demonstrated that several MS approaches, especially MALDI-TOF MS, provided auxiliary tools with excellent timelines and accuracy, which should allow clinicians to promptly select effective antimicrobial therapies for pathogen-based diseases.

Other researches based on the MS technology, such as database expansion and mechanism analyses, are also included. Bernhard et al. optimized sample pre-processing procedures, on the basis of which they created a set of publicly available references for the Cryptococcus neoformans/gattii species complexes for use with the MALDI Biotyper system. To examine the influence of growth media on toxin production or activity, Hille et al. used MALDI-TOF MS-based biomarker detection models to distinguish the presence or absence of secreted exotoxins in Moraxella bovoculi during incubation on different growth media, with or without calcium ions. Other mechanism-directed research conducted by Thorsing et al. investigated the development of effective vaccines against enterotoxigenic Escherichia coli (ETEC). The researchers used the MS-based method BEMAP (β-elimination of O-linked carbohydrate modifications followed by the Michael addition of 2-aminoethyl phosphonic acid) and observed an important correlation between O-linked glycosylation and the relative immunogenicity of bacterial proteins. This finding constituted a proof of concept in considering ETEC proteins for inclusion in future broad-coverage subunit vaccine candidates.

In summary, these studies included in the Research Topic quantified the advantages and potential utility of MS in bacterial identification, the analysis of antimicrobial resistance, and database expansion, and provided a scientific basis for the timely formulation of therapy options and the further improvement of patient prognoses. Because MS is a continuously developing platform, attention should be paid to strengthen the comparative analysis of different systems, with multicenter verification, to expand and refine the clinical applications of MS-based methods in diagnostic microbiology.
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Several MALDI-TOF MS-based methods have been proposed for rapid detection of antimicrobial resistance. The most widely studied methods include assessment of β-lactamase activity by visualizing the hydrolysis of the β-lactam ring, detection of biomarkers responsible for or correlated with drug-resistance/non-susceptibility, and the comparison of proteomic profiles of bacteria incubated with or without antimicrobial drugs. Antimicrobial-resistance to a number of antibiotics belonging to different classes has been successfully tested by MALDI-TOF MS in a variety of clinically relevant bacterial species including members of Enterobacteriaceae family, non-fermenting Gram-negative bacteria, Gram-positive cocci, anaerobic bacteria and mycobacteria, opening this field to further clinically important developments. Early detection of drug-resistance by MALDI-TOF MS can be particularly helpful for clinicians to streamline the antibiotic therapy for a better outcome of patients with systemic infection, in all cases where a prompt and effective antibiotic treatment is essential to preserve organ function and/or patient survival.

Keywords: antimicrobial susceptibility testing, blood culture, rapid AST, microdroplet growth assay, MBT-ASTRA, MALDI-TOF, antimicrobial resistance


INTRODUCTION

The application of MALDI-TOF MS technology to clinical diagnostic microbiology has provided a new, accurate and robust tool allowing rapid and reliable microbial identification (Ferreira et al., 2011; Barnini et al., 2015; Tanaka et al., 2017; Florio et al., 2018a).

The widespread of multi-drug-resistant bacterial strains, especially in hospital settings, have generated a pressing need for the development of rapid and reliable methods for antimicrobial susceptibility testing (AST), and the potentials of MALDI-TOF MS to achieve this goal have been explored.

Multi-drug-resistance is a particularly dramatic problem in systemic infections (Palacios-Baena et al., 2017), and infections involving critical districts [e.g., eye and orbit, where timely administration of an effective therapy is fundamental for sparing organ specific functions or patient survival (Tsirouki et al., 2018; Choi et al., 2019)].

Therefore, a number of studies investigated the possibility to apply MALDI-TOF MS technology to rapid detection of antibiotic-resistance in bacterial pathogens isolated from bloodstream infections as well as to the detection of antimicrobial-resistance in pathogenic fungi (Florio et al., 2018b).

The present review provides (i) a synthetic, updated overview of the different proposed methods based on MALDI-TOF MS, mainly focusing on its most promising applications and (ii) rapid and accurate information regarding antimicrobial-resistance of clinically relevant bacteria.



ASSESSMENT OF β-LACTAMASE ACTIVITY BY MALDI-TOF MS

One of the first successful applications of MALDI-TOF MS to the detection of antibiotic-resistance (Figure 1) resulted from the observation that the hydrolysis of the β-lactam ring after exposure of β-lactam antibiotics to β-lactamase producing (aerobic and anaerobic) bacteria could be revealed in mass spectra by a decrease of the peak corresponding to the antibiotic and appearance of peaks representing its hydrolysis products (Burckhardt and Zimmermann, 2011; Hrabak et al., 2011; Johansson et al., 2014a,b; Jung et al., 2014b).


[image: Figure 1]
FIGURE 1. Detection of β-lactamase producers by MALDI-TOF MS based on the hydrolysis of the target β-lactam antibiotic, as visualized by peak disappearance.


A protocol for detection of carbapenemase production by MALDI-TOF MS was developed in Bacteroides fragilis strains harboring the cfiA gene encoding for the carbapenemase (Johansson et al., 2014b). Hydrolysis of ertapenem was detected within 2.5 h only in cfiA-positive strains. The method was successfully applied to screen for carbapenemase activity directly from blood culture bottles inoculated with human blood and spiked with B. fragilis strains showing various ertapenem MICs (Johansson et al., 2014a), yielding the results in 3 h. Of interest, the logRQ values of spectra calculated by the software correlated with the MICs for positive strains.

To reduce time for detection of carbapenem-resistance in Gram-negative bacteria causing bloodstream infections, a MALDI-TOF MS-based assay was established by measuring the hydrolysis of imipenem in blood cultures (BCs) spiked with Pseudomonas aeruginosa, Acinetobacter baumannii, or Enterobacteriaceae producing different carbapenemases (Oviano et al., 2016). The analysis was performed using an MBT Compass STAR-BL module software (Bruker Daltonics), automatically providing a result (sensitivity or resistance) based on the degree of hydrolysis of the antibiotic. This assay, requiring a 30 min-incubation of bacteria with the antibiotic, showed 98% sensitivity and 100% specificity, both reaching 100% with a 60 min-incubation. These results have been confirmed in two large bacterial isolates collections in which the presence of carbapanemase genes was performed in accordance to CLSI method and by PCR (Akyar et al., 2019; Oviano et al., 2020). However, β-lactam resistance is detected only when it is mediated by β-lactamases, whereas the other mechanisms of resistance are not revealed, thus negative results should be confirmed by other assays.



IDENTIFICATION OF BIOMARKERS ASSOCIATED WITH DRUG-RESISTANCE

One of the proposed MALDI-TOF MS-based approaches to detect bacterial resistance to carbapenems relies on the identification of plasmids bearing blaKPC carbapenemase genes (Lau et al., 2014). An extended-spectrum class C beta-lactamase from A. baumannii, belonging to the Acinetobacter-derived cephalosporinases (ADC) family, has been recently identified (m/z~40,279) and evaluated as a possible biomarker for carbapenem-resistance. Among 51 carbapenem-resistant A. baumannii strains, 49 showed a signal at 40,279 ± 87 m/z, whereas four out of 15 carbapenem-susceptible strains showed a signal at the same m/z. The sensitivity and specificity were 96 and 73% in comparison to the microdilution imipenem susceptibility testing, which provides MIC determination (Chang et al., 2018).

Using the ClinProtTools analysis software (v3.0; Bruker Daltonics) to investigate possible differences between the protein patterns of KPC-producing and non-KPC-producing K. pneumoniae strains, an 11,109-Da peak was detected in the spectra of 30 out of 34 KPC producers, and it was absent in all non-KPC-producing isolates (Gaibani et al., 2016). Previous findings showed that the 11,109-Da peak is a cleavage product of a hypothetical protein named p019 (Lau et al., 2014). However, as p019 polypeptide was absent in a subset of blaKPC-harboring plasmids, negative results should be complemented by confirmatory tests.

The heterogeneous nature of methicillin-resistance in Staphylococcus aureus has hindered the possibility to classify methicillin-resistant S. aureus (MRSA) and methicillin-sensitive S. aureus (MSSA) into two clearly distinguishable groups based on clustering analysis of the spectral profiles of individual isolates (Wang et al., 2013). A partial success was achieved by establishing a method, which relies on the production of a phenol-soluble protein toxin (PSM-mec) by a subset of MRSA strains (Chatterjee et al., 2011), which is detectable by MALDI-TOF MS as a 2415 ± 2.00 m/z peak and may be present in up to half of MRSA isolates (Rhoads et al., 2016; Schuster et al., 2018). The PSM-mec peptide does not cause methicillin-resistance and its biological function is unknown, but its expression is associated with methicillin-resistance. The presence of the 2415 ± 2.00 m/z peak has been shown to predict mecA carriage in S. aureus with a specificity close to 100%. The software “MBT subtyping module” (Bruker Daltonics), has been developed to detect PSM-mec in the mass spectrum of S. aureus isolates, providing an indirect evidence of methicillin-resistance (Figure 2). Although the presence of PSM-mec is associated with methicillin-resistance also in coagulase-negative staphylococci (CoNS), the majority of those does not produce it (Schuster et al., 2018), thus being of limited usefulness to detect methicillin-resistant CoNS.


[image: Figure 2]
FIGURE 2. Schematic representation of the MALDI-TOF MS method used to discriminate Staphylococcus aureus strains based on the presence of the PSM-mec peak.


Identification of possible markers associated with drug-resistance by MALDI-TOF MS has been investigated also in anaerobes (Nagy et al., 2011) [e.g., cfiA-positive B. fragilis can be distinguished from cfiA-negative strains by a set of peak shifts in the interval 4,000–5,500 Da, using the MALDI Biotyper software (Bruker Daltonics)]. Two reference spectra were created, one specific for cfiA-negative and one for cfiA-positive strains. Subsequently, the possibility to screen for carbapenem-resistant B. fragilis strains directly from positive BCs was demonstrated by comparing ID-spectra of bacilli recovered from spiked BCs with cfiA-positive and cfiA-negative main spectra (Johansson et al., 2014a).

The increasing prevalence of extensively drug-resistant P. aeruginosa infections is due to the global spread of defined high-risk clones. Among them, ST175 is particularly frequent in Spain and France. A MALDI-TOF biomarker peak-based recognition model was evaluated in three collections from Spain and France. Spectra analysis revealed two biomarker-peaks (6,911 and 7,359 m/z) present in all ST175 strains, that most of the susceptible strains lacked. The peak 7,359 m/z was already associated with ST175 (Cabrolier et al., 2015) and the recognition of the second peak increased specificity to 97.8% (Mulet et al., 2019).

With another approach focusing on mass spectrometric analysis of membrane lipids, it was demonstrated that bacterial glycolipids possess species-specific characteristics allowing bacterial identification (Leung et al., 2017). Next, a lipid-extraction protocol was described (Liang et al., 2019) that reduces the identification time to <1 h. This method has been tested to detect antibiotic-resistance and to identify microbes, without requiring culture, using a library of the clinically relevant ESKAPE pathogens and colistin-resistant pathogens expressing the mcr-1 gene in trans. Different biomarkers of resistance were found: mcr-1-containing P. aeruginosa strains showed a mass shift, 1,446–1,569 m/z, deriving by a PEtN (Δm/z 123) addition to lipid A. The 1,569 m/z ion was not observed in susceptible strains; while K. pneumoniae showed a modification of lipid A by AraN (Δm/z 131) attached on the terminal phosphate group of hexa-acetylated lipid A (1,824 m/z), resulting in a modified structure at 1,955 m/z; similarly mass spectrum from Morganella morganii with AraN-modified lipid A ions shifted from 1,796 to 1,927 m/z.

The above described methods are specific for one resistance mechanism, thus requiring confirmation of negative results, and have the advantage to use the routinely identification procedure without incubation with the antibiotic, followed by a different spectral analysis, except for the method of Leung, which does not require culture.



MALDI BIOTYPER-ANTIBIOTIC SUSCEPTIBILITY TEST RAPID ASSAY (MBT-ASTRA)

The MBT-ASTRA is a rapid method for detection of antibiotic-resistance based on a MALDI-TOF MS software tool that calculates and compares the area under the curves (AUCs) of spectra of bacteria either exposed or not to an antibiotic (Lange et al., 2014; Sparbier et al., 2016). The AUCs of the tested bacterial strain are compared to assess bacterial growth. If the microbial strain is susceptible, the AUC of the bacterial suspension with the antibiotic will be reduced compared to that without antibiotic, whereas with a resistant strain the AUCs with or without antibiotic will be comparable.

In principle, the MBT-ASTRA could be used for all classes of antibiotics and microbial species (Ceyssens et al., 2017). The ability of the MBT-ASTRA was evaluated to detect antimicrobial-resistance in a number of randomly selected clinical isolates of Mycobacterium tuberculosis and non-tuberculous mycobacteria (NTM). M. tuberculosis strains were tested for susceptibility to rifampin, isoniazid, linezolid, and ethambutol, and NTM to clarithromycin and rifabutin. The MBT-ASTRA measures bacterial biomass changes after addition of antimicrobial drugs. Using this method, the antimicrobial-resistance profiles of M. tuberculosis and NTM strains were correctly detected. However, the turnaround time was not shortened for M. tuberculosis, whereas for NTM was one week earlier.

The MBT-ASTRA approach was evaluated (Jung et al., 2014b) for detecting non-susceptibility against gentamicin and ciprofloxacin in BCs spiked with different Enterobacteriaceae, as well as against cefotaxime, piperacillin-tazobactam, and ciprofloxacin in monomicrobial BCs from patients with sepsis from Gram-negative bacteria. To detect non-susceptibility with the MBT-ASTRA method, antibiotics were tested at concentrations that were one dilution higher than the EUCAST susceptibility breakpoints. Overall, the results of microbial identification and susceptibility testing were obtained in ~4 h. In experiments with spiked BCs, a clear separation between susceptible and non-susceptible isolates was obtained for gentamicin based on the observed median relative growth values. For ciprofloxacin, and piperacillin-tazobactam, a small number of isolates were misclassified as susceptible by the MBT-ASTRA mostly when MIC values were close to the antibiotic concentration used in the assay.

Overall, these results indicate that the MBT-ASTRA could be a promising approach for rapid AST of Gram-negative bacteria directly recovered from monomicrobial BCs, but also highlight the need to optimize the method, especially for correct classification of isolates with MIC values close to the breakpoint concentrations, and for some antibiotics.

The MBT-ASTRA was evaluated (Sauget et al., 2018) for rapid detection of amoxicillin- and cefotaxime-resistant E. coli isolates from positive BCs. An aliquot of the selected BCs was subcultured for 1 h in antibiotic-free liquid medium before recovery of bacteria and incubation with or without antibiotic, followed by analysis of spectra with the MBT-ASTRA software. Overall, the results of this susceptibility test were available within 4 h after BC positivity. Categorical agreement between the MBT ASTRA and the reference method was 97 and 83% for amoxicillin and cefotaxime, respectively. MBT-ASTRA correctly classified 95 and 84% of the amoxicillin- and cefotaxime-susceptible E. coli isolates, respectively, thus MBT-ASTRA may vary depending on the tested antibiotic.

The MBT-ASTRA was evaluated for AST of B. fragilis (Justesen et al., 2018), showing a clear difference of the relative growth between a susceptible (ATCC 25285) and a resistant (O18) strain exposed to clindamycin, meropenem, or metronidazole. The accuracy of this method should be confirmed on clinical isolates.

Strength and limitation of this method will be discussed below.



ASSAYS BASED ON DETECTION OF PEAK SHIFT AFTER STABLE ISOTOPE-LABELING (MBT-RESIST)

Another proposed approach to determine drug-resistance in bacteria by MALDI-TOF MS is based on the use of non-radioactive isotope-labeled media (Demirev et al., 2013). Bacteria are grown, in parallel, in two different culture media, one containing 12C, and the other one 13C as carbon component. The mass spectrum of bacteria grown in antibiotic-containing isotope-labeled media is compared with the mass spectrum of the same strain grown in unlabeled media without antibiotic. Resistant bacteria can grow in the presence of the antibiotic incorporating 13C in their polypeptides, which causes a shift of peaks to higher m/z in the mass spectrum.

To evaluate the applicability of the method discriminating MSSA from MRSA strains, culture media containing 13C-labeled lysine were used to test oxacillin- and cefoxitin-resistant S. aureus clinical isolates (Sparbier et al., 2013). Bacteria were incubated for 3 h in three different conditions: 12C-containing medium without antibiotic, 13C-containing medium without antibiotic, and 13C-containing medium with antibiotic. One out of 14 susceptible strains was misclassified as oxacillin-resistant, and three strains were misclassified regarding cefoxitin-susceptibility/resistance.

Next, peak shifts analysis after incubation for 3 h with either 13C-15N-labeled or unlabeled L-lysine was established to test meropenem-, tobramycin- and ciprofloxacin-resistant P. aeruginosa strains (Jung et al., 2014a). To optimize the assay, meropenem was added 30 min before addition of the stable isotope-labeled amino acid to the test tube, allowing the antibiotic to act. The results revealed concordant classification of susceptible and resistant strains with the reference method (Etest). Theoretically, this method as well as the MBT-ASTRA could be applied to all classes of antibiotics and microorganisms. Drawbacks of these two methods are (i) the incubation time required for microbial growth, (ii) the need to optimize experimental conditions for different isolate-antibiotic combinations, (iii) a correlation between an alteration of mass spectra and MIC values. For Candida albicans, the minimal profile change concentrations (MPCCs) [i.e., the minimum drug concentration at which an alteration of mass spectra can be detected, has been highly correlated with the MICs (Marinach et al., 2009)]. The main difference between MBT-ASTRA and MBT-Resist is that the latter requires three different growth conditions.



ANTIBIOTIC-RESISTANCE BY DIRECT-ON-TARGET MICRODROPLET GROWTH ASSAY (DOT-MGA)

An innovative method allowed the detection of antimicrobial-resistance/susceptibility of bacteria incubated with breakpoint concentrations of antibiotics directly on the target plate of MALDI-TOF MS (Idelevich et al., 2018a). The authors tested K. pneumoniae and P. aeruginosa for resistance to meropenem, but any microbial species and antimicrobial agent could be used, independently from the underlying resistance mechanisms. A 6 μl-incubation volume and optimal/minimum 4 and 5 h incubation times were established for K. pneumoniae and P. aeruginosa, respectively. In these experimental conditions, 100% sensitivity and specificity were reached for both microorganisms, and the rate of valid tests resulted 100% for K. pneumoniae and 83.3% for P. aeruginosa. Interestingly, the analysis of spectra after incubation with the antibiotic was performed using the MALDI Biotyper 3.1 software, routinely used for microbial identification.

In another study, the direct-on-target microdroplet growth assay was evaluated on positive BCs from blood samples spiked with meropenem-non-susceptible and meropenem-susceptible Enterobacteriaceae isolates (Idelevich et al., 2018b). The best performance was obtained by recovering bacteria from positive BCs, and after a 4 h-incubation of microdroplets with or without meropenem at the breakpoint concentration. In these conditions, 96.3% validity, 91.7% sensitivity, and 100% specificity were achieved.

Recently, a screening panel for detection of extended-spectrum β-lactamase (ESBL) and AmpC β-lactamase activity was developed employing the direct-on-target microdroplet growth assay (Correa-Martinez et al., 2019). The panel was validated on 50 clinical isolates including species of the Enterobacteriaceae, Hafniaceae, Morganellaceae, and Yersiniaceae families with different mechanisms of resistance (ESBL and/or AmpC) to third generation cephalosporins. The synergistic effect between four cephalosporins and ESBL (clavulanic acid) and/or AmpC (cloxacillin) β-lactamase inhibitors was evaluated to detect effective β-lactamase production. Incubation time of bacteria with or without β-lactamase inhibitors and/or antibiotics was optimized at 4 h. Compared to the PCR results, positive percent agreement values for ESBL, AmpC, and ESBL+AmpC resistance were 94.4, 94.4, and 100% and negative percent agreement values 100, 93.7, and 100%, respectively. The accuracy of the direct-on-target microdroplet growth assay resulted comparable to that of broth microdilution assay, with a time saving of about 14 h, and higher than combination disk tests.

Another MALDI-TOF MS-based method requires incubation of bacteria with different concentrations of antibiotic, recovery of microorganisms before MS analysis (Li et al., 2018) using the MALDI Biotyper 3.1 software. To evaluate the applicability of the method, meropenem-susceptible and meropenem-resistant A. baumannii clinical isolates were analyzed after a 4 h-incubation with different concentrations of antibiotic. The isolates were classified as resistant if identification was achieved with scores ≥1.7 after incubation with meropenem at the breakpoint concentration, and as susceptible if identification failed (scores <1.7). The authors recommend applying a threshold of 2 μg/mL for drug-resistance to lower the probability of very major errors (false susceptibility) due to insufficient bacterial growth in the presence of the antibiotic.



DISCUSSION

In this review, recent advances and newly proposed methods for rapid detection of antimicrobial-resistance in bacterial pathogens by MALDI-TOF MS have been summarized and discussed. Timeliness and accuracy of test results are crucial factors for clinicians to decide and promptly administer an effective and targeted antimicrobial therapy, especially in life-threatening infections or when crucial organs and functions, such as sight are at risk. Further research efforts will be made to refine and optimize MALDI-TOF MS-based assays to obtain accurate and reliable results in the shortest possible time. A major focus of future research in this field will be to achieve standardization of methods and simultaneous susceptibility testing of microbes to various classes of antimicrobials, because of the widespread of multi-drug-resistant microorganisms. So far, only two commercially available kits with software for automated interpretation of spectra have been authorized in Europe to detect or carbapenemase activity or resistance toward 3rd generation cephalosporins in clinical microbiology laboratories.

In conclusion, the possibility to detect peaks associated with drug-resistance directly in MALDI-TOF mass spectra of microbial isolates provides early, useful, though limited information that can help clinicians to streamline empirical antimicrobial therapy, as it is the case with some proposed markers for carbapenem-resistance.

The development of new analytical algorithms, automation of procedures, and optimization of assays are expected to expand and refine the clinical applications of MALDI-TOF MS in clinical diagnostic microbiology.
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MALDI-TOF mass spectrometry has revolutionized clinical microbiology diagnostics by delivering accurate, fast, and reliable identification of microorganisms. It is conventionally based on the detection of intracellular molecules, mainly ribosomal proteins, for identification at the species-level and/or genus-level. Nevertheless, for some microorganisms (e.g., for mycobacteria) extensive protocols are necessary in order to extract intracellular proteins, and in some cases a protein-based approach cannot provide sufficient evidence to accurately identify the microorganisms within the same genus (e.g., Shigella sp. vs E. coli and the species of the M. tuberculosis complex). Consequently lipids, along with proteins are also molecules of interest. Lipids are ubiquitous, but their structural diversity delivers complementary information to the conventional protein-based clinical microbiology matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) based approaches currently used. Lipid modifications, such as the ones found on lipid A related to polymyxin resistance in Gram-negative pathogens (e.g., phosphoethanolamine and aminoarabinose), not only play a role in the detection of microorganisms by routine MALDI-TOF mass spectrometry but can also be used as a read-out of drug susceptibility. In this review, we will demonstrate that in combination with proteins, lipids are a game-changer in both the rapid detection of pathogens and the determination of their drug susceptibility using routine MALDI-TOF mass spectrometry systems.




Keywords: matrix-assisted laser desorption ionization, lipids, diagnostics, drug resistance, gram-negative, gram-positive, mycobacteria



Introduction

In recent years, matrix-assisted laser desorption ionization/time-of-flight (MALDI-TOF) mass spectrometry (MS) has revolutionized the field of microbiology (Clark et al., 2013; Singhal et al., 2015). MALDI-TOF MS provides rapid, accurate and cost-effective identification of a wide range of microbes based on protein signatures and requires only a single small colony for analysis (Croxatto et al., 2012). Development of commercial MALDI-TOF MS platforms capable of microbial identification and their subsequent approval for clinical use has made MALDI-TOF MS the standard routine identification tool in most diagnostic laboratories. Despite the advantages of MALDI-TOF MS, there are still several limitations to identification by protein profiling, such as the inability to differentiate closely related species and the laborious sample preparation required for some microorganisms.

In addition to proteins, lipids are also major cellular constituents. Lipids display high structural diversity and complexity, including species-specific characteristics which enable them to act as useful biomarkers for microbial identification. Although lipids have been used to characterize microorganisms since the 1960s (Abel et al., 1963; Moss and Lewis, 1967; Moss et al., 1980), the initial gas chromatography methods used for lipid analysis were time-consuming and unsuitable for clinical use. In the last decade, the popularity of microbial lipidomics has soared as novel methods of lipid analysis using MALDI-TOF MS have been developed (Cox et al., 2015; Larrouy-Maumus and Puzo, 2015; Leung et al., 2017). These methods can provide rapid and accurate microbial identification and differentiation and have the potential to address some of the challenges encountered by the proteomic approach and thereby complement them. Furthermore, analysis of lipids by MALDI-TOF MS is a promising tool for the detection of antibiotic resistance, particularly in the case of rapidly spreading resistance to polymyxins.

This review starts with a short overview of routine MALDI-TOF MS analysis and some of its current constraints, followed by the introduction of species-specific lipids and a brief history of lipid analysis for microbial identification. Afterwards, we will discuss the recent applications of mass-spectrometry based lipidomics for identification of microorganisms and detection of antibiotic resistance. We finish with an outlook toward the future directions for MALDI-TOF MS in microbial lipidomics.



Protein-Profiling by MALDI-TOF for Microbial Identification

In recent years, analysis of intracellular proteins signatures by MALDI-TOF MS has become a routine tool for the characterization of microorganisms (Croxatto et al., 2012; Angeletti and Ciccozzi, 2019; Bryson et al., 2019). Two commercial MALDI-TOF MS platforms, the MALDI Biotyper (Bruker Daltonics Inc.) and the VITEK MS (bioMérieux Inc.) - both recently approved by the FDA - are used in the majority of microbiology laboratories (Patel, 2015). For many microorganisms, these platforms enable high-throughput identification using simple sample preparation procedures and requiring only a single colony. Some microbes can be identified using direct cell profiling in which a colony is smeared on a MALDI target plate followed by the addition of a MALDI matrix that extracts the intracellular, mainly ribosomal, proteins (van Veen et al., 2010). For other microorganisms, including Gram-positive bacteria, a simple protocol of protein extraction using formic acid is sufficient prior to MALDI-TOF MS analysis (Bizzini et al., 2010; Alatoom et al., 2011).

Following sample processing, the protein mass spectra of an unknown isolate are acquired in the mass range of m/z 2,000 to m/z 20,000 in the positive ion mode. This range includes the ribosomal proteins that are present at high abundance in the cell. The mass spectra are then compared to a database that contains the profiles of known microbial species (Murray, 2012). As verified in numerous studies, MALDI-TOF MS provides highly accurate and reliable identification of a wide range of microorganisms (Cherkaoui et al., 2010; Carbonnelle et al., 2012; Wilson et al., 2017).

In addition to bacteria, MALDI-TOF MS is a valuable tool for the identification of fungal pathogens, particularly pathogenic yeasts (Buchan and Ledeboer, 2013). Many medically important yeast species, including Candida species and Cryptococcus neoformans, can be rapidly identified using simple on-plate extraction with formic acid (Theel et al., 2012; Westblade et al., 2013). MALDI-TOS MS identification of filamentous fungi can also be achieved but is not currently as successful as yeast typing due to the presence of robust cell walls and a lack of comprehensive fungal reference libraries (Becker et al., 2014; Wilkendorf et al., 2020).

Although protein profiling by MALDI-TOF MS is a valuable tool in microbiology, it has several constraints that will need to be addressed in the future. For microorganisms that are encased in complex, thick cell walls, laborious protein extraction procedures are required (Marklein et al., 2009; Rodriguez-Temporal et al., 2018; Kostrzewa et al., 2019). For example, a multistep method that involves heat inactivation and protein extraction is used for mycobacteria due to their robust cell walls and biosafety concerns (Wilen et al., 2015). According to the specimen preparation protocol described by El Khéchine et al., mycobacteria are first heat-inactivated for 1-hour at 95°C. Afterwards, mycobacterial cell walls are disrupted by vortex mixing with glass beads and the proteins are extracted using formic acid and acetonitrile (El Khechine et al., 2011). Labor-intensive protocols involving protein precipitation with ethanol and subsequent extraction with formic acid and acetonitrile are also used for yeasts to improve identification results (Bader, 2017).

Another major constraint of MALDI-TOF MS is a commonly encountered failure to differentiate some closely related species (Bizzini et al., 2010; Alcaide et al., 2018). For example, MALDI-TOF MS can fail to differentiate Shigella from E. coli (Martiny et al., 2012). These Gram-negative bacteria are very closely related and could genotypically be considered as the same species, thus explaining the problems of differentiation using protein fingerprinting. Rapid discrimination between the two species is extremely important for infection control because Shigella species can cause shigellosis, an acute intestinal infection that is highly contagious. Enteroinvasive E. coli may trigger similar symptoms, but the disease is significantly less communicable (Niyogi, 2005). It also remains challenging to differentiate other closely related microorganisms such as the Mycobacterium tuberculosis complex which includes M. africanum, and the animal-adapted M. caprae, M. bovis, M. microti, M. pinnipedii, and M. canettii, or the M. abscessus complex which is composed of M. abscessus subsp. abscessus, M. abscessus subsp. bolletii, and M. abscessus subsp. massiliense (Saleeb et al., 2011; Nessar et al., 2012; Benwill and Wallace, 2014; Johnson and Odell, 2014; Angeletti et al., 2015; Bar-On et al., 2015). Other examples of erroneous identification of closely related species include Streptococcus mitis and Streptococcus pneumoniae, Bordetella pertussis and Bordetella bronchiseptica, Klebsiella pneumoniae and closely related species/subspecies, Haemophilus influenzae and Haemophilus haemolyticus and members of the Enterobacter cloacae complex (Enterobacter cloacae, Enterobacter asburiae, Enterobacter hormaechei, Enterobacter kobei, Enterobacter ludwigii and Enterobacter nimipressuralis, Enterobacter. cloacae and Enterobacter hormaechei (Stevenson et al., 2010; Frickmann et al., 2013; Angeletti et al., 2015; Schulthess et al., 2016; Rodrigues et al., 2017).

Consequently there is an ongoing need for the manufacturers of MALDI-TOF MS systems to continually update the databases and libraries with new reference spectra as new pathogens emerge innovative sample preparation improves microorganism identification. In addition to these commercial databases research laboratories can create custom reference spectra and expand existing databases with new microorganisms and applications. However, benchmarking against a reference method such as whole genome or 16S rRNA sequencing is required to ensure accurate identification and avoid misassignments.



Lipids as Species-Specific Biomarkers

Lipids are also a major functional and structural constituent of cells. and play important roles in membrane formation, cell signalling, energy storage and cell recognition (Hannun and Obeid, 2008; van Meer et al., 2008; Nakamura et al., 2014). To perform such diverse functions, cells contain a variety of lipid molecules that differ in the nature of the backbone and the headgroups, the number of fatty acids, and the chemical moieties they are modified with. Fatty acids themselves also vary in the length of the chain and the number of double bonds (Fahy et al., 2005). In combination with proteins, the diversity of lipids has the potential to make them useful biomarkers for microbial identification.

The differences in the cell wall structure and the membrane composition between Gram-positive and Gram-negative bacteria are well established, however, the lipid composition also varies among the species belonging to the same Gram type (Sohlenkamp and Geiger, 2016). In addition to common glycerophospholipids such as phosphatidylethanolamine and phosphatidylglycerol that are found in many organisms, bacteria possess species-specific lipids that display a high level of structural variability and are particularly useful for species differentiation. In Gram-negative bacteria, lipopolysaccharide (LPS) is a major structural component of the outer membrane. It is a glycolipid comprised of three parts: lipid A, a hydrophobic section of the molecule responsible for some aspects of toxicity of Gram-negative bacteria, the hydrophilic core oligosaccharide and the O antigen, a polysaccharide comprising the outermost domain of LPS (Raetz and Whitfield, 2002). The structure of LPS varies significantly among different species with the O antigen being the most diverse part of the molecule (Lerouge and Vanderleyden, 2002). The structure and composition of the O antigen can vary between strains of one species and has been used to assign serotypes of Salmonella and E. coli (Orskov and Orskov, 1992; Liu et al., 2014). Casabuono et al., reported on the structural characterization of lipid A from Shigella flexneri variant X, and discrete variants could serve to discriminate Shigella species from E. coli (Casabuono et al., 2012).

Gram-positive bacteria contain glycolipids, glucolipids and lipoteichoic acid (LTA), which is a typical constituent of the cell membrane (Reichmann and Grundling, 2011). LTA is defined as an alditol phosphate-containing polymer that is linked by a lipid anchor to the membrane. Based on chemical structure, there are five types of LTA (types I–V) (Percy and Grundling, 2014). Type I LTA is the most frequently encountered polymer found in many Gram-positive bacteria belonging to the phylum Firmicutes, including B. subtilis, S. aureus and S. pyogenes (Schneewind and Missiakas, 2014). Even though all type I LTA molecules have a common polyglycerol-phosphate backbone, variations of the core structure have been described in different species, particularly in the glycolipid anchor attaching the LTA to the membrane (Roethlisberger et al., 2000; Shiraishi et al., 2013). Type II and III LTA molecules, found in Lactococcus garvieae and Clostridium innocuum, respectively, contain repeat units of glycosylalditol-phosphate (Koch and Fischer, 1978). Type IV LTA is a complex molecule found in S. pneumoniae and some other Streptococcus species (Fischer, 1997).

In mycobacteria, several species-specific lipids have been described (Alberghina, 1976; Brennan and Nikaido, 1995; Ortalo-Magne et al., 1996; Ripoll et al., 2007; Batt et al., 2020). Mycolic acids are unique long-chain fatty acids that comprise the inner leaflet of the external mycomembrane in mycobacteria (Jackson, 2014). Mycolic acids display high structural diversity with variations observed in the chain length (60 to 90 carbon atoms), the level of unsaturation, and the chemical groups, such as ketones and methoxys (Marrakchi et al., 2014). This high level of diversity provides mycolic acids with species-specific characteristics making it possible to use them as taxonomic markers (Song et al., 2009). In addition to mycolic acids, other lipids are also found to be specific to particular species of mycobacteria. For example, sulfolipid 1 and polyacyltrehalose are found exclusively in M. tuberculosis, while trehalose polyphleate is present in non-tuberculosis mycobacteria (NTM) species (Hatzios et al., 2009; Layre et al., 2011; Burbaud et al., 2016).

Glycolipids can also be used for the identification of fungi. Glycosylinositol-phosphorylceramides (GIPCs), which are a class of glycosphingolipids uniquely found in plant and fungal species, are particularly important biomarkers due to their high structural diversity (Fontaine et al., 2003; Costachel et al., 2005; Simenel et al., 2008; Saromi et al., 2020). GIPCs are major players in the establishment of infection in the vertebrate host by filamentous fungi such as Aspergillus fumigatus since they are involved in adhesion, signal transduction, modulation of the host immune response, and apoptosis (Toledo et al., 2007; Guimaraes et al., 2014; Fernandes et al., 2018). The conserved core structure of GIPCs consists of a ceramide moiety attached to a glucuronic acid-inositolphosphate group. Many diverse saccharides can be added to this core structure which generates complex glycan arrangements and results in significant structural variation among different fungal species (Cacas et al., 2012; Bure et al., 2014; Guimaraes et al., 2014).

As well as lipids from Gram-negative bacteria, Gram-positive bacteria, mycobacteria and filamentous fungi lipids, archaebacteria lipids have the potential to provide lipid-specific biomarkers. In contrast to glycerol-ester phospholipids from bacteria and filamentous fungi archaebacterial membranes are composed of isoprenoid and hydroisoprenoid hydrocarbons and isopranyl glycerol-ether lipids (De Rosa et al., 1986). Although these structures vary according to phenotypes (e.g., halophiles, methanogens, and thermophiles), these molecules are formed by condensation of glycerol or more complex polyols with isoprenoid alcohols containing 20, 25, or 40 carbon atoms (Woese et al., 1978; De Rosa et al., 1986). Indeed, due to their heterogeneity, these lipids have been proposed for the identification and classification of archaebacteria (Tornabene et al., 1980). They can therefore serve as chemical markers in combination with conventional 16S rRNA sequencing (McCartney et al., 2013; Sollai et al., 2019a; Sollai et al., 2019b).

As far as we are aware, routine identification of microorganisms by MALDI-TOF MS based on the identity and abundance of lipids has not been explored extensively to differentiate species and subspecies. This represents an exciting area which deserves more investigation.



History of Microbial Lipid Analysis

Early attempts to utilize lipids for microbial identification were based on the analysis of fatty acids released from the microbial cells by chemical treatments and their subsequent analysis using either gas chromatography (GC) or gas chromatography mass spectrometry (GC/MS) (Abel et al., 1963; Moss and Lewis, 1967; Moss et al., 1980; Athalye et al., 1985; Kotilainen et al., 1991; Osterhout et al., 1991; Butler and Guthertz, 2001; Mosca et al., 2007). Both lipid and fatty acid composition varies among microbial species. Although most bacteria synthesize fatty acids that have chain lengths of 10 to 19 carbons, the relative abundance of each type of fatty acid varies among different species (O’Leary, 1962). Furthermore, some fatty acids are restricted to particular species such as the internally branched iso-fatty acids found in Gaiella occulta (Albuquerque et al., 2011). As a result of the quantitative differences in the fatty acid content and the presence of unusual or rare fatty acid types, the fatty acid profile of each species is distinctive which enables it to act a taxonomic marker.

The first evidence that bacteria can be identified based on their fatty acid composition was presented by Abel et al. in 1963. Their study employed gas chromatography to analyse the fatty acid composition of bacteria belonging to the family Enterobacteriaceae and some Gram-positive species (Abel et al., 1963). The major cellular fatty acids with chain lengths of 9 to 22 carbon atoms were extracted and trans-esterified into more volatile fatty acid methyl esters, followed by gas chromatographic analysis. The chromatographic profiles acquired were found to be distinct for each species which enabled bacterial characterization (Abel et al., 1963).

Subsequent studies have employed fatty acid analysis by gas chromatography for species-level identification of Gram-positive and Gram-negative bacterial species, mycobacteria and fungi (Jantzen et al., 1989; Veys et al., 1989; Marumo and Aoki, 1990; Kotilainen et al., 1991). Characterization was based on fatty acids with chain lengths between 9 and 20 carbon atoms, which represent the highly abundant fatty acids of phospholipids and glycolipids (Welch, 1991). Fatty acid analysis was particularly useful for identification of non-fermentative Gram-negative bacteria which are challenging to identify using conventional biochemical tests due to their relative un-reactivity (Veys et al., 1989; Wallace et al., 1990).

In 1991, efforts to automate and standardize the method were made which led to the introduction of the Sherlock Microbial Identification System (MIS). The MIS is an automated gas chromatographic system that identifies microorganisms based on the analysis of fatty acids that are between 9 and 20 carbons in length. The MIS automatically names and quantitates fatty acids enabling computerized identification of bacteria and fungi by comparing the fatty acid profile of the sample to profiles of known species in the database. It achieved a relatively high accuracy of identification for a range of microorganisms, including mycobacteria and non-fermentative Gram-negative bacteria (Osterhout et al., 1997; Mosca et al., 2007).

Despite the popularity of fatty acid analysis, this method has not reached clinical microbiology laboratories due to several limitations. The major drawback of gas chromatographic analysis of fatty acids is the time-consuming and laborious sample preparation. Before gas chromatography analysis, fatty acids are released by saponification and then methylated to generate fatty acid methyl ester (FAME) derivatives. FAMEs have increased volatility which facilitates their analysis by gas chromatography (Welch, 1991). This requires a multistep protocol which involves saponification of bacterial cells in sodium hydroxide, methylation with hydrochloric acid, lipid extraction and a wash at a basic pH. The procedure requires sufficient technical expertise and typically takes several hours (Mosca et al., 2007). Another constraint of the method is how fatty acid composition varies depending on cell growth conditions such as temperature, medium composition and growth phase (Marr and Ingraham, 1962). To obtain a reproducible fatty acid profile, growth conditions must be standardized with great care, otherwise changes in fatty acid composition may lead to incorrect identification when the profile is compared to the reference database.

Analytical techniques including electrospray ionization (ESI) MS and Direct Analysis in Real Time (DART) MS have also been used as alternatives to GC-MS for fatty acid profiling (Song et al., 2009; Cody et al., 2015). However, attention largely shifted away from lipid analysis and those analysis techniques when MALDI platforms entered clinical laboratories and the proteomic approach became the most practical and rapid method of microbial identification.



Lipid-Profiling by MALDI-TOF for Microbial Identification

MALDI-TOF MS is a powerful analytical tool with applications in microbiology not limited to protein profiling. Over the last decade many groups have developed MALDI-TOF routines for monitoring the degradation of antibiotics such as carbapenems and indicators of antibiotic resistance (Hrabak et al., 2011; Dortet et al., 2018c; Kostrzewa, 2018; Anantharajah et al., 2019; Huang et al., 2020). Several research groups have also employed MALDI-TOF MS for the analysis of lipid profiles from microorganisms (Cox et al., 2015; Larrouy-Maumus and Puzo, 2015; Leung et al., 2017; Liang et al., 2019).

Cox et al. developed a novel method of fatty acid analysis that uses CeO2-catalyzed fragmentation of lipids to produce fatty acids using the energy inherent to the MALDI laser (Cox et al., 2015). The conversion occurs in situ as the lipid extracts are added directly to the MALDI target plate spotted with CeO2. The technique, termed metal oxide laser ionization (MOLI) MS, obtained reproducible species- and strain-specific fatty acid profiles of isolates belonging to Enterobacteriaceae, Acinetobacter and Listeria genera. The accuracy of the method, validated by multivariate statistical methods, reached 100% for species-level classification and 98% for strain-level classification with only one strain being identified incorrectly. Particularly important for clinical microbiology, MOLI MS correctly identified the isolates of Shigella, the bacteria routinely classified by protein profiling as E. coli (Cox et al., 2015). A subsequent study that analyzed 50 Staphylococcus isolates including S. aureus strains and other species demonstrated a high accuracy of species- and strain-level identification (Saichek et al., 2016). Despite these initial promising results, this technology has not yet arrived in routine microbiology laboratories due to the constrains related to in vitro diagnostics, accessibility and implementation to such technology in clinical laboratories world-wide

Although fatty acids were traditionally used for microbial identification, analysis of whole lipids can be a more informative approach. Lipids are more complex molecules with greater scope for structural diversity and are therefore more suited to act as a chemical fingerprint for differentiation of microorganisms. A novel method of bacterial identification based on the analysis of glycolipids was recently developed by Leung et al. (2017). Glycolipids are a particularly diverse class of lipids due to the large variety of sugar modifications which enables them to generate species-specific mass spectral profiles. Furthermore, bacterial glycolipids are exclusive to bacterial cells and are not produced by mammals, which facilitates direct identification of bacteria from biological fluids. By analyzing the lipid extracts using MALDI-TOF MS, Leung and co-workers demonstrated that glycolipid mass spectra enabled differentiation of ESKAPE pathogens, a clinically relevant group of bacteria that have increased resistance to antibiotics. In addition, they employed the existing MALDI Biotyper software to construct a glycolipid library containing 50 microbial entries (Leung et al., 2017). This dataset was used in the subsequent machine learning study to identify A. baumannii and K. pneumoniae from polymicrobial mixtures, such as urinary tract infection specimens (Fondrie et al., 2018).

Traditionally, prior to MALDI-TOF MS analysis, lipid extraction is necessary. Leung et al. used a microextraction protocol developed by El Hamidi et al. which extracts glycolipids using hot ammonium isobutyrate (El Hamidi et al., 2005). Despite being efficient, this method is time-consuming and uses hazardous chemicals which limits its clinical utility. More recently, Liang et al. (2019) developed a novel method of lipid extraction in which sodium acetate buffer is added to the bacterial sample, followed by brief heating and organic solvent extraction. Using this method, bacterial identification can be completed in less than an hour making it a promising method for clinical diagnostics (Liang et al., 2019).

As mentioned previously, analysis of lipids or fatty acids required extraction of these molecules from the cells such as organic solvents extraction, partition and concentration (Bligh and Dyer, 1959; Maddi, 2019). Once extracted, those lipids could be analyzed by MALDI-TOF MS with the appropriate matrix to enable their ionization and desorption. For example, Angelini et al. have used 9-aminoacridine (9-AA), a matrix originally developed for the rapid analysis of glycerophospholipids, for direct analysis of lipid from extremely halophilic archaeon Halobacterium salinarum (Sun et al., 2008; Angelini et al., 2010). Prior to MALDI-TOF MS analysis, the lyophilized purple membrane of H. salinarum was finely ground with the dry 9-AA matrix and crushed in a mechanical die press. The resulting pellet was applied to the MALDI target and analyzed. This work showed that the 9-AA matrix enabled good ionization and easy detection of archaeal phospholipids and cardiolipins. The lipid profile generated using this method corresponded well to the MALDI-TOF MS profile obtained from the lipid extract of H. salinarum, demonstrating that it is possible to perform direct lipid analysis of intact lyophilized archaebacterial membranes, without the need for lipid extraction (Angelini et al., 2010).

9-AA matrix has also been utilized for lipid analysis of intact viruses (Vitale et al., 2013). Purified viral suspensions were spotted on the MALDI target, followed by water evaporation and application of 9-AA matrix solution. The evaporated samples were then directly analyzed by MALDI-TOF MS. This method not only allowed the detection of the major lipids of these viruses, but also revealed novel details about the viral membrane composition, such as the presence of minor amount of phosphatidylcholine in PRD1 and φ6 bacteriophages (Vitale et al., 2013).

Another MALDI matrix, 1,8‐bis(dimethylamino)naphthalene (DMAN), has also been utilized for lipid fingerprinting of intact Gram-positive Lactobacillus sanfranciscensis and Lactobacillus planta-rum strains (Calvano et al., 2011). The use of DMAN, which is a highly basic matrix, improves the detection of low molecular weight, less ionizable phospholipids, such as glycolipids and cardiolipins, in the negative ion mode due to the complete absence of matrix-related signals which can otherwise preclude lipid detection (Calvano et al., 2011).

However, a novel method developed by Larrouy-Maumus et al. enables direct MALDI-TOF MS analysis of lipids on intact microbes (Larrouy-Maumus and Puzo, 2015). A major advantage of this approach is a simple, rapid sample preparation that does not require any chemical treatment or purification prior to MALDI-TOF MS analysis. Heat-inactivated microorganisms are washed three times in double-distilled water and deposited on the MALDI target plate, followed by the specific MALDI matrix. The matrix consists of a 9:1 mixture of dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid (super-DHB) solubilized in apolar solvent system (Larrouy-Maumus and Puzo, 2015; Larrouy-Maumus et al., 2016). The super-DHB matrix was chosen due to its versatility for the analysis of phospholipids and lipids (Schiller et al., 2007). Using this approach, microbial identification can be completed in less than 10 minutes on fewer than 1,000 bacteria making it a useful tool in the clinical laboratory (Gonzalo et al., 2020). To date, this method has been used to differentiate mycobacteria, filamentous fungi and detect lipid A from Gram-negative bacteria (Dortet et al., 2018a; Dortet et al., 2018b; Furniss et al., 2019; Dortet et al., 2020a; Dortet et al., 2020b; Furniss et al., 2020; Saromi et al., 2020). In the case of mycobacteria, (excluding uninterpretable results where 38/273 (14%) of isolates could not be assigned to either the Mtb or the NTM group, and 9 isolates (3%) were misidentified) this method not only achieves accurate identification with a sensitivity and specificity of 96.7% and 91.7%, respectively, but also represents a bio-safe alternative to conventional MALDI-TOF MS with minimal sample handling and preparation (Gonzalo et al., 2020).



Lipid MALDI for Bacterial Drug Susceptibility

As antibiotic-resistant bacteria emerge worldwide, the timely detection of antibiotic resistance is critical for appropriate therapeutic management and effective infection control. One of the most promising applications of lipid-based MALDI-TOF MS analysis is the detection of colistin resistance. Colistin is one of the polymyxin antibiotics used as a last-resort therapy for treating multidrug-resistant Gram-negative bacterial infections (Poirel et al., 2017). Resistance to colistin most commonly arises from chemical modifications of the lipid A portion of LPS and can be mediated through chromosomal mutations or by the activity of plasmid-encoded mobile colistin resistance (MCR) genes. These modifications include addition of cationic groups such as 4-amino-4-deoxy-L-arabinose (L-Ara4N) or phosphoethanolamine (pETN) that reduce the binding of colistin to the positively charged LPS due to electrostatic repulsion (Jeannot et al., 2017). Analysis of bacterial lipids using MALDI-TOF MS represents a valuable tool for detecting colistin resistance as it can directly identify the lipid modifications.

A MALDI-TOF MS method that enables rapid detection of colistin resistance in intact bacteria was recently developed (Dortet et al., 2018a). This method, named the MALDIxin test, employs the simple sample preparation procedure developed by Larrouy-Maumus et al. in which intact bacteria or the bacterial lysate arising from mild-acid hydrolysis (acetic acid 1%) are mixed with the special matrix on the MALDI target plate, followed by MALDI-TOF MS analysis in the negative ion mode (Larrouy-Maumus et al., 2016; Dortet et al., 2018a; Dortet et al., 2018b; Furniss et al., 2019; Dortet et al., 2020b). The acquired mass spectra enable differentiation of colistin-susceptible and colistin-resistant strains based on the mass-to-charge (m/z) of the major lipid A peaks. The addition of pETN to a phosphate group at position 1 of lipid A results in an m/z +123 shift of the native lipid A-related peak, while L-Ara4N modification causes an m/z +131 shift. This test can also discriminate between chromosome- and MCR-mediated resistance as L-Ara4N modification is generally observed in strains with chromosome-encoded resistance, while pETN modification predominates in strains expressing MCR (Dortet et al., 2018a; Sun et al., 2018; Moffatt et al., 2019). The efficiency of the MALDIxin test has been demonstrated for clinically relevant E. coli, A. baumannii, K. pneumoniae and S. enterica species, achieving detection of colistin resistance in less than 15 minutes (Dortet et al., 2018a; Dortet et al., 2018b; Dortet et al., 2019; Dortet et al., 2020a). Furthermore, this method was recently adapted for the routine MALDI Biotyper Sirius system increasing its clinical utility (Furniss et al., 2019).

Analysis of cellular fatty acid composition might also be employed to detect antibiotic-resistant strains in particular species. A study by Saichek et al. utilized MOLI MS analysis of fatty acids to discriminate between methicillin-resistant S. aureus (MRSA) and methicillin-susceptible S. aureus (MSSA) strains (Saichek et al., 2016). The differences in fatty acid profiles were observed, with greater prevalence of odd-numbered fatty acids in MSSA isolates and higher abundance of even-numbered fatty acids in MRSA isolates, which enabled differentiation of methicillin-susceptible and -resistant strains. Particularly important for therapeutic management, this method can simultaneously identify bacterial strains and detect antibiotic resistance (Saichek et al., 2016).

In addition to the applications to polymyxins and S. aureus cited above, more generally, lipids profiling by MS systems has the potential to be used for broad antibiotics susceptibility testing. For example, using MALDI coupled to high-resolution mass spectrometry named Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS), Schenk and colleagues reported on the analogous distribution of altered fatty acids and glycerophospholipids, from E. coli strains, upon exposure to sublethal concentrations norfloxacin, an antibiotic that belongs to the class of fluoroquinolone antibiotics (Schenk et al., 2015). They concluded that variations of lipid content in the strain correspond to the extent of antibiotic resistance.

Indeed, that is supported by earlier work where significant alterations of fatty acid composition were observed in Gram-negative strains, such as E. coli, resistant to antibiotics such as tetracycline and polymyxins (Dunnick and O’Leary, 1970). The authors also reported on a correlation between the lipid content of Gram-positive S. aureus resistant to penicillin (Dunnick and O’Leary, 1970). Similar observations and correlations were also found for Enterobacteriaceae, such as Serratia marcescens (Chang et al., 1972; Suling and O’Leary, 1977).

However, further investigation is required to confirm the correlation between drug resistance, changes in membrane composition, and the relative abundance of different class of lipids, thus validating its use as an accurate and robust read-out of drug susceptibility routine MALDI-TOF MS system.



Outlook and Areas for the Development of Lipid-Based Microbial Identification

Adoption of lipidomics in clinical microbiology has lagged behind proteomic analysis due to the labor-intensive and time-consuming analytical methods initially available. However, novel methods of lipid analysis by MALDI-TOF MS have been developed in the last decade that can identify microorganisms with a speed and accuracy comparable to the routine MALDI-TOF MS analysis. Moreover, sample preparation has become significantly simpler and faster, particularly for lipid analysis of intact bacteria and filamentous fungi. Given these advances, lipid profiling has the potential to be employed alongside protein fingerprinting and may help to address some of the current constraints of MALDI-TOF MS, thereby further broadening its utility in clinical diagnostics and other routine microbiology applications. The workflow proposed in Figure 1 would allow combination of lipid and protein analysis on the same MALDI target plate. This approach could accomplish several diagnostic goals in one analysis: the protein fingerprinting yields microbial identification at a species level while the lipid analysis can provide subspecies-level identification and detect antimicrobial susceptibility.




Figure 1 | Schematic diagram of the proposed workflow for combining lipid and protein MALDI-TOF MS analysis. For protein analysis, a colony is smeared on the target plate and overlaid with matrix. For analysis of lipid A, heat-inactivated microorganisms are submitted to mild-acid hydrolysis and the membranes resulting from this treatment are deposited on an adjacent position on the target plate, followed by matrix addition. Alternatively, for mycobacteria and filamentous fungi, heat-inactivated colonies are directly smeared on the target plate and overlaid with the appropriate matrix. The combined approach can yield species- and subspecies-level microbial identification and detect antibiotic resistance in one analysis.



Although a considerable amount of progress has been made in optimizing sample preparation, further development of the bioinformatics resources is required to make the lipid analysis user-friendly in a clinical diagnostic setting, including the building of robust and accurate databases. Development of a representative lipid databases comparable in size and variety to the protein mass spectra libraries currently provided by commercial systems will improve the efficiency of microbial identification. Novel bioinformatic tools developed specifically for the analysis of lipid mass spectra such as the model-based spectral-library approach for matching mass spectra of glycolipids proposed by Ryu et al. will also advance identification (Ryu et al., 2019). A breakthrough in clinical microbiology diagnostics would be the ability to detect distinct microbial lipids directly from body fluids (e.g., serum, blood, and urine), thus avoiding the need for culture on agar plates or in liquid medium. Leung and colleagues attempted to address that challenge by spiking blood with S. aureus or K. pneumoniae B6 and recovering the bacteria by differential centrifugation to separate them from human cells. The lipids from the recovered bacteria were then extracted and analyzed by MALDI-TOF MS in the negative ion mode (Leung et al., 2017), and were able to get an excellent signal for 104 CFU of bacteria spiked in blood followed by 6 hours incubation. Although promising, the experimental manipulations required to enrich in bacteria would represent a hurdle for the rapid turn-over of samples in clinical microbiology laboratories. Being able to enrich microbial species-specific lipids from human or animal fluids, for veterinary applications, with limited sample preparation will be a gamechanger in rapid microbial diagnostics.

In future, lipid analysis may be extended to detect resistance to other antibiotics as well as colistin. Several papers report that antibiotic-resistant strains, such as rifampin-resistant M. tuberculosis and daptomycin-resistant E. faecalis, display altered lipid composition (Mishra et al., 2012; Lahiri et al., 2016). By detecting these alterations and their relative abundances, lipid profiling may be able to identify the resistant microorganisms, however, this would require a large-scale analysis of the lipid composition which is a highly complex task if done manually. To facilitate the data analysis, machine learning techniques should be developed to discriminate the mass spectra of antibiotic-resistant and -susceptible strains as has already been done in several studies employing protein-based MALDI-TOF MS analysis (Weis et al., 2020).
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Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) has been accepted as a rapid, accurate, and less labor-intensive method in the identification of microorganisms in clinical laboratories. However, there is limited data on systematic evaluation of its effectiveness in the identification of phylogenetically closely-related yeast species. In this study, we evaluated two commercially available MALDI-TOF systems, Autof MS 1000 and Vitek MS, for the identification of yeasts within closely-related species complexes. A total of 1,228 yeast isolates, representing 14 different species of five species complexes, including 479 of Candida parapsilosis complex, 323 of Candida albicans complex, 95 of Candida glabrata complex, 16 of Candida haemulonii complex (including two Candida auris), and 315 of Cryptococcus neoformans complex, collected under the National China Hospital Invasive Fungal Surveillance Net (CHIF-NET) program, were studied. Autof MS 1000 and Vitek MS systems correctly identified 99.2% and 89.2% of the isolates, with major error rate of 0.4% versus 1.6%, and minor error rate of 0.1% versus 3.5%, respectively. The proportion of isolates accurately identified by Autof MS 1000 and Vitek MS per each yeast complex, respectively, was as follows; C. albicans complex, 99.4% vs 96.3%; C. parapsilosis complex, 99.0% vs 79.1%; C glabrata complex, 98.9% vs 94.7%; C. haemulonii complex, 100% vs 93.8%; and C. neoformans, 99.4% vs 95.2%. Overall, Autof MS 1000 exhibited good capacity in yeast identification while Vitek MS had lower identification accuracy, especially in the identification of less common species within phylogenetically closely-related species complexes.




Keywords: MALDI-TOF MS, closely-related yeasts, invasive fungal diseases, Autof MS 1000, Vitek MS 



Introduction

Invasive fungal diseases (IFD) have become an emerging healthcare problem worldwide. It is associated with high rates of morbidity and mortality in immunocompromised individuals and critically ill patients (Miceli et al., 2011; Lockhart et al., 2017). Rapid, reliable, and species-specific diagnosis of fungal pathogens causing IFD is a prerequisite for cost-effective and successful therapy. However, some closely-related yeast species complexes are difficult to identify by conventional morphological or biochemical methods, and several of these cryptic species have distinct antifungal susceptibility profiles associated with specific clinical settings. These include Candida parapsilosis sensu stricto, Candida metapsilosis, Candida orthopsilosis, Lodderomyces elongisporus of the C. parapsilosis complex, Candida albicans and Candida dubliniensis of the C. albicans complex, Candida glabrata sensu stricto, Candida nivariensis, and Candida bracarensis of the C. glabrata complex, Cryptococcus neoformans, and Cryptococcus gattii of the C. neoformans complex, and finally, Candida haemulonii, Candida duobushaemulonii, and Candida auris of the C. haemulonii complex (also refered as multidrug-resistant [MDR] complex) (Muñoz et al., 2018).

Within less than a decade, the introduction of MALDI-TOF MS has enabled rapid and accurate identification of microorganisms including bacteria, mycobacteria, yeasts and filamentous fungi in clinical laboratories (Odds et al., 2007; Rychert et al., 2018) Autof MS 1000 (Autobio Diagnostics, Zhengzhou, China), a commercial MALDI-TOF MS system, has been available for routine pathogen identification in many clinical laboratories in China since 2018 (Wang et al., 2019). However, its performance and application in the identification of yeasts has not been fully evaluated. The purpose of this study was to evaluate the accuracy of Autof MS 1000 and Vitek MS in the identification of yeasts causing IFDs, especially for pathogens within closely-related species complexes.



Materials and Methods


Yeast Isolates

A total of 1,228 yeast isolates causing IFDs, and collected from 57 hospitals in China during the period August 2016 to July 2017, under the CHIF-NET program, were studied. Isolates were initially inoculated on a chromogenic agar (Brilliance C., Oxoid Ltd., Hampshire, United Kingdom) then subcultured on Sabouraud dextrose agar (SDA), and incubated at 35°C for 24 to 48 h.



Sequencing-Based Identification

All isolates were identified by DNA sequencing of the internal transcribed spacer (ITS) region, which was considered the “gold standard”. Primers ITS1 (5’-TCC GTA GGT GAA CCT GCG G-3’) and ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’) were used to amplify the full-length ITS region. Amplification of the ITS region was carried out under the following conditions: denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 90 s, and elongation at 72°C for 75 s, with a final extension step of 10 min at 72°C. Strain species identification was performed as described in a previous study (Wang et al., 2016).



Vitek MS Identification

A thin smear of a freshly cultured isolate was deposited onto a target plate, and 1 μl of formic acid (70%) was added. After air-drying, each spot was overlaid with 1 μl of α-cyano-4-hydroxycinnamic acid (HCCA) matrix (bioMérieux). The matrix was then allowed to dry at room air. E.coli ATCC 8739 was utilized as a calibrant and quality control strain per acquisition group on each slide. Measurement was then performed following the manufacturer’s suggested setting using automated collecting spectra. Captured spectra were analyzed based on IVD database version 3.0. For data analysis, a “green frame” indicator with a reliability (probability) of between 60.0% and 99.9% indicated sufficient species level identification, and a “yellow triangle” indicator denoted low resolution. If no identification (NoID) was provided, the isolate was considered unidentified and presented as a “red circle”.



Autof MS 1000 Identification

Autof MS 1000 is a new Chinese brand of MALDI-TOF MS platform for identification of micro-organisms which was approved for clinical use by China National Medical Products Administration in 2020. The operation process of this platform is similar to that of Vitek MS. A thin smear of a freshly cultured isolate was deposited onto a target plate, and 1 μl of formic acid (70%) was added. After air-drying, each spot was overlaid with 1 μl of α-cyano-4-hydroxycinnamic acid (HCCA) matrix. But without a fixed calibration point, Autof MS 1000 system runs identification immediately after sampling. The database (Autof Acquirer Version V2.0.18) contains 14,125 microbial strains comprising 4,226 species, 360 of which are fungal species. Results were interpreted based on the log score value of the first best match following manufacturer’s instructions as follows: 0.0≤score<6.0, not reliable identification; 6.0≤score<9.0, genus-level reliable identification and probable species-level identification; score≥9.0 species-level reliable identification.



Criteria for Identification and Discrepant Analysis

In the case of discrepant results or no identification result for one or both methods, the result of ITS sequencing was considered the final correct identification. A major error (ME) in identification by each of the methods studied (compared to the gold standard ITS) was defined as the incorrect genus identification (“no identification” not included). A minor error (MIE) was defined as the correct genus identification with incorrect species identification.




Results


Correct Identification by Vitek MS and Autof MS 1000

A total of 1,228 isolates representing 14 different yeast species within five closely-related species complexes (ie. C. albicans complex, C. parapsilosis complex, C. glabrata complex, C. haemulonii complex and C. neoformans complex), were evaluated in this study. Out of these isolates, 1,218 (99.2%) were correctly identified to species level by the Autof MS 1000 system, while 1,095 (89.2%) were correctly identified by Vitek MS (Table 1).


Table 1 | Results of matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) identification by Autof MS 1000 and Vitek MS.



A majority (96.3%, 311/323) of C. albicans complex isolates were correctly identified to the species level by Vitek MS. For Autof MS 1000, the identification accuracy rate for C. albicans complex isolates was 99.4% (321/323). For C. glabrata complex isolates, 98.9% (94/95) were correctly identified to the species level by Autof MS 1000, which was higher than that of Vitek MS at 94.7% (90/95). For C. parapsilosis complex, 79.1% (379/479) of the isolates were correctly identified to species level by Vitek MS, which was much less than that of Autof MS 1000 at 99.0% (474/479). For C. neoformans complex, 95.2% (300/315) were correctly identified to the species level by Vitek MS while for Autof MS 1000, 99.4% (313/315) were correctly identified to species level (Table 1).



Comparison of “No Identification” Results

Four isolates (0.3%) yielded “no identification” result by Autos MS 1000, and 70 (5.7%) by Vitek MS (Table 1).

For species included in both systems’ identification databases, there were two (2/3, 66.6%) C. nivariensis isolates and 31 (31/64, 48.4%) of C. metapsilosis that were not identified by Vitek MS, which was a direct opposite to Autof MS 1000 which correctly identified both species. There were 5 (5/10, 50.0%) C. gattii isolates that were unidentified by Vitek MS.

In addition, C. bracarensis (n=1) was correctly identified by Autof MS 1000, but unidentified by Vitek MS as this species is not included in the Vitek MS database IVD 3.0.



Misidentifications by Vitek MS and Autof MS 1000

Autof MS 1000 identification results of five isolates (0.4%) were defined as major error while for Vitek MS it was for 20 isolates (1.6%) (Table 2). Only one identification result from an isolate was defined as a minor error for Autof MS 1000, while for Vitek MS, there were 43 (3.5%) isolates whose identification results were considered minor errors. One C. nivariensis (n=3) isolate was misidentified as C. glabrata; in addition, among C. metapsilosis (n=64) isolates, the identification results of five isolates were considered as ME, and 25 as MIE by Vitek MS. For C. gattii (n=10) there was one identification result that was considered as MIE by Autof MS 1000, and two by Vitek MS.


Table 2 | Misidentification and “no identification” results by two systems.






Discussion

Accurate identification of pathogens is important to ensure accurate diagnosis of diseases and subsequent proper treatment of the condition. As a newly licensed MALDI-TOF MS platform, few comparisons have been done between Autof MS 1000 and other systems. Recent studies have evaluated the performance of Autof MS 1000 in the identification of Bacteroides fragilis group isolates (Wang et al., 2019) and clinically relevant filamentous fungi (Sun et al., 2020). In this study, we evaluated the performance of MALDI-TOF MS systems, Autof MS 1000 and Vitek MS, in the identification of closely-related yeast species causing IFDs, using ITS sequencing as the reference method. Previous studies have shown that the accuracy for yeast identification ranges from 76.5% to 96.2% for Vitek MS (Wang et al., 2016). In this study, performance of Vitek MS in the identification of yeasts showed an overall accuracy of 89.2%. Misidentifications or no identifications were more likely to occur in less-common species within each species complexes. In comparison, Autof MS 1000 system exhibited higher identification accuracy in all species complexes (>98% for all species with overall accuracy of 99.2%).

C. albicans is the most frequent cause of superficial and systemic candidiasis. Before the introduction of further genetic studies, its closely related species, C. dubliniensis, was commonly misidentified as C. albicans (Sullivan et al., 1995). However, unlike C. albicans, C. dubliniensis causes fewer cases of systemic candidiasis (Odds et al., 2007). In the present study, both Vitek MS and Autof MS 1000 correctly identified >96% of C. albicans isolates, and correctly assigned C. dubliniensis to species-level.

C. parapsilosis has become the second to fourth most prevalent Candida species worldwide, and even surpasses C. albicans in some geographic regions (Harrington et al., 2017; Tóth et al., 2019; Xiao et al., 2020). Before the introduction of molecular tests and further biochemical investigations, C. orthopsilosis, and C. metapsilosis used to be classified into the C. parapsilosis complex (Tavanti et al., 2005). In addition, L. elongisporus, which may be misidentified as C. parapsilosis by convientional methods, remains underestimated in its clinical significance (Lockhart et al., 2008; Al-Obaid et al., 2018). However, the incidence, pathogenicity, and drug resistance of species within the C. parapsilosis complex has been shown to be different (Neji et al., 2017; Xiao et al., 2020). Overall, there was a significant difference in the performance of Autof MS 1000 (99.0%) and Vitek MS (79.1%) in assigning C. parapsilosis complex isolates to the correct species-level. Of note, Vitek MS system exhibited significant limitations in correctly identifying C. orthopsilosis (accuracy 23.1%) and C. metapsilosis (accuracy 4.7%), while Autof MS 1000 correctly identified all 64 C. metapsilosis and 96.2% of C. orthopsilosis isolates.

C. glabrata has emerged as the second most common cause of invasive candidiasis in the United States (Pfaller and Diekema, 2007), while in China it ranks fourth among clinically invasive yeast infections (Xiao et al., 2015). Its phylogenetically related species, C. nivariensis and C. bracarensis, were previously identified as C. glabrata by routine identification methods (Alcoba-Flórez et al., 2005; Correia et al., 2006). However their clinical significance and epidemiological role in candidiasis is different (Bishop et al., 2008). In this study, both systems correctly identified 98.9% of C. glabrata isolates. Autof MS 1000 system correctly identified all three C. nivariensis and one C. bracarensis isolates. However, no C. nivariensis or C. bracarensis isolates were correctly identified by Vitek MS. Of note, C. bracarensis is not included in the Vitek MS database IVD 3.0.

The basidiomycetous yeasts of the C. neoformans-C. gattii species complex are the causative agents of cryptococcosis with different pathogenicity (Samarasinghe and Xu, 2018). C. neoformans is more common in AIDS patients, whereas infections caused by C. gattii are more often reported in immunocompetent patients (Kwon-Chung et al., 2015). Previously, conventional L-canavanine glycine bromothymol blue (CGB) agar was used to distinguish the two species (Chen et al., 2014). In this study, Vitek MS and Autof MS 1000 correctly assigned 97.4% and 99.7% of C. neoformans isolates to species level, respectively. However, in 10 C. gattii isolates, the Vitek MS came up with a “ no identification” result in three isolates and misidentified two isolates as C. neoformans. In contrast, Autof MS 1000 accurately identified 90% of the C. gattii isolates with only one isolate misidentified as C. neoformans.

C. auris has recently drawn much attention clinically due to its multidrug resistant characteristics and fast spread worldwide (Spivak and Hanson, 2018). C. auris, and its closely-related species C. haemulonii, C. duobushaemulonii, and C. pseudohaemulonii, are difficult to identify using standard laboratory methods (Muñoz et al., 2018). In the identification of this species complex, both Autof MS 1000 and Vitek MS performed well, with only one isolate of C. duobushaemulonii not identified by Vitek MS.

The principle of MALDI-TOF MS in microbial identification is based on using scoring algorithms to match analyzed spectra with reference spectra (Freiwald and Sauer, 2009; Jang and Kim, 2018). Regardless of the instruments used, distinct algorithms in the same platform result in different identification reports (Panagea et al., 2015; Leyer et al., 2017). For Autof MS 1000, just like MALDI BioTyper (Bruker, Billerica, MA), the database is based on an isolate-specific references approach, while for Vitek MS, it is based on a taxonomical group-specific approach (Cassagne et al., 2016). In this study, Autof MS 1000 performed better than Vitek MS in the identification of closely-related yeasts causing invasive fungal diseases. We suppose that differences in reference spectral databases and scoring algorithms of these two platforms may contribute to the performance discrepancies.

Our study has some limitations. We only evaluated the systems’ performance on closely-related yeast species commonly seen in patients, it is not clear whether similar results would have been obtained on other yeast and filamentous fungal species. On the other hand, Vitek MS v3.0 System has shown its excellent accuracy for the identification of filamentous fungi (Rychert et al., 2018). Therefore, further investigations are needed for validating the performance of Autof MS 1000 (compared to other widely-used MALDI-TOF MS systems), in the identifitication of a broader range of bacterial and fungal species.



Conclusion

MALDI-TOF MS has previously proven to be valuable in the routine identification of yeast species. In this study, Autof MS 1000 exhibited higher identification accuracy than Vitek MS system in the identification of yeast isolates within different species complexes. The identification capacity of Vitek MS, especially in identifying less-common species within phylogenetically closely-related species complexes, still needs to be improved.
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Acinetobacter baumannii is one of the main causes of nosocomial infections. Increasing numbers of multidrug-resistant Acinetobacter baumannii cases have been reported in recent years, but its antibiotic resistance mechanism remains unclear. We studied 9 multidrug-resistant (MDR) and 10 drug-susceptible Acinetobacter baumannii clinical isolates using Label free, TMT labeling approach and glycoproteomics analysis to identify proteins related to drug resistance. Our results showed that 164 proteins exhibited different expressions between MDR and drug-susceptible isolates. These differential proteins can be classified into six groups: a. proteins related to antibiotic resistance, b. membrane proteins, membrane transporters and proteins related to membrane formation, c. Stress response-related proteins, d. proteins related to gene expression and protein translation, e. metabolism-related proteins, f. proteins with unknown function or other functions containing biofilm formation and virulence. In addition, we verified seven proteins at the transcription level in eight clinical isolates by using quantitative RT-PCR. Results showed that four of the selected proteins have positive correlations with the protein level. This study provided an insight into the mechanism of antibiotic resistance of multidrug-resistant Acinetobacter baumannii.
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Highlights

	1) 164 proteins exhibited different expressions between drug-resistant isolates and drug-susceptible isolates.

	2) Classifying six groups of differential expressed proteins between drug-resistant isolates and drug-susceptible isolates.

	3) A specifically expressed polysaccharide on the S21 site of adenylate kinase was found in most MDR strains.





Introduction

Nosocomial infections caused by multidrug-resistant (MDR) bacteria strains are a serious problem worldwide in decades. Acinetobacter baumannii has become one of the most common species that cause nosocomial infections and healthcare-associated infections such as bacteremia, pneumonia, meningitis, skin and wound infections, and urinary tract infection due to its strong biofilm formation ability and the ability to resist nutrient deprivation and antibiotics (Dijkshoorn et al., 2007; Shin and Park, 2015; Mujawar et al., 2019). The traditional first-line treatment of A. baumannii uses carbapenem antibiotics such as imipenem, but since the early 1990s, there have been reports of outbreaks caused by imipenem-resistant A. baumannii (Tankovic et al., 1994). Other therapeutic antibiotics include aminoglycosides, sulbactam, polymyxin and tigecycline, etc., and combined antibiotics are also being used. However, studies have shown that MDR strains which are resistant to different antibiotics are reported commonly (Li et al., 2006; Peleg et al., 2007; Göttig et al., 2014; Al-Kadmy et al., 2020). Whether for developing new drugs or making full use of old drugs to treat infections caused by MDR strains, it is necessary to fully understand the antibiotic resistance mechanism. A full understanding of the resistance mechanism is critical to improve the eradication rate of A. baumannii. Studies have shown that the antibiotics resistant mechanism mainly includes the modification of the target site, inactivation or modification of the drugs by producing enzymes such as β-lactamases, the activation of the efflux pump and the changes of the membrane structure and permeability of bacteria (Dijkshoorn et al., 2007; Zarrilli et al., 2013; Lee et al., 2017; Ramirez et al., 2020).

Genomics and proteomics studies can explore the expression of genes or proteins under various conditions thus to help understand the different mechanisms of bacteria drug resistance. At present, there have been extensive researches on A. baumannii through proteomic analysis to explore the relevant mechanisms of drug resistance, drought tolerance, biofilm formation, virulence, and nutrient regulation (Kwon et al., 2009; Shin et al., 2009; Nwugo et al., 2011; Long et al., 2013; Gayoso et al., 2014; Scribano et al., 2019). Researches on drug resistance of A. baumannii have studied the differences of a single strain pre and after the induction of resistance (Fernández-Reyes et al., 2009; Hood et al., 2010; Hua et al., 2017) or under different culture conditions (Yun et al., 2011; De Silva et al., 2018), or the difference between susceptible strains and resistant strains (Siroy et al., 2006; Vashist et al., 2010; Li et al., 2015; Wang et al., 2016). However, the researches usually analyze only one or two strains and focused only on a certain antibiotic. Different proteomics methods have their advantages and disadvantages. Using more than one proteomics method can complement each other and enhance the reproducibility and effectiveness of proteomics (Tiwari and Tiwari, 2014). In addition, protein glycosylation is an important means of protein modification, and different glycosylation modifications are critical to protein function (Ahmad Izaham and Scott, 2020). In this study, we intend to use the approach of label free and tandem mass tag (TMT) labeling-based proteomics and glycoproteomes to analyze the different proteins between MDR and drug-susceptible A. baumannii to fully clarify the mechanism of the antibiotic resistance.



Materials and Methods


Bacteria Strains

Nineteen A. baumannii clinical strains (9 MDR and 10 susceptible isolates) were isolated from different patients in the second affiliated hospital of Nanchang University, China, during 2011–2019. The isolates were identified by VITEK-2 compact system and 16S ribosomal DNA identification. The 16S ribosomal DNA were amplified with the primer (16s-PCRF and 16s-PCRR) showed in Supplementary Table 1. The fragments were sequenced and blasted in NCBI non-redundant database for species identification. Antibiotic susceptibility of the following antibiotics were tested by Kirby–Bauer test (KB-test): β-lactam antibiotics [piperacillin, ceftazidime, ceftriaxone, cefotaxime, cefepime, imipenem, Unasyn (ampicillin/sulbactam), and Tazocilin (piperacillin/tazobactam)], aminoglycoside (gentamicin and tobramycin), tetracyclines (minocycline and tigecycline), polymyxin B, fluoroquinolone (levofloxacin, Ciprofloxacin), and paediatric compound sulfamethoxazole tablets. Data of these isolates are shown in Supplementary Table 2.



Protein Extraction

The experiment process is shown in Figure 1. All the isolates were cultured in LB broth at 37°C with shaking until OD600 nm of 0.7–0.8 reached. The cells were collected and lysed by 8M urea in 50 mM triethyl ammonium bicarbonate (TEAB) and ultrasonic breakage for 20 s. The protein samples were collected via centrifugation at 16,000×g for 10 min at 4°C. The protein concentration of the supernatant was determined using BCA Protein Assay Kit (Thermo-Fisher Scientific).




Figure 1 | The experiment process of this study.





Trypsin Digestions and Peptides Purification

The proteins were reduced by incubation with TCEP (200 mM) at 55°C for 1 h and alkylated by incubation with iodoacetamide (IAA, 375 mM, Thermo Scientific) for 30 min in dark at room temperature. TEAB (100 mM) was used to adjust the urea concentration of less than 1M in all the protein samples, and then the proteins were digested to peptides using trypsin (Promega) at a trypsin/protein ratio of 1:50 (w/w) overnight at 37°C. The generated tryptic peptides were dried by speed vacuum at 4°C and desalted with C18 Spin column. For TMT labeling, the resultant peptide mixture of 10 isolates were labeled using TMT reagent kit (Thermo Scientific, USA) as resistant strain-127 isobaric tag and susceptible strain-126 isobaric tag (Chen et al., 2014). The combinations are as follows: A151 and A9, A159 and A11, A160 and A21, A161 and A90, A162 and A132.



Nano-HPLC-MS/MS Analysis

The samples were reconstituted in 0.1% formic acid (FA) and separated on a NanoAcquity Ultra Performance Liquid Chromatography (UPLC) system (EASY-nLC 1000, Thermo Scientific). Afterward, the samples were fitted with a nanoAcquity Symmetry C18 trap column (100 μm × 2 cm, NanoViper C18, 5 μm, 100Å) and an analytical column (75 μm × 15 cm, NanoViper C18, 3 μm, 100Å). The mobile phase A was 100:0.1 HPLC grade water/FA, and mobile phase B was 100:0.1 ACN/FA. Each sample was loaded on the trapping column with a flow rate of 2.0 μl/min, followed by separation on the analytical column using a 100 min 3%–35% mobile phase B linear gradient at a flow rate of 0.8 μl/min. Retention Time Calibration Mixture (Thermo Scientific) was used to optimize LC and MS parameters and was used to monitor the stability of the system.

The analytical column was coupled to a high-resolution Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific, San Jose, CA) using a nano-electrospray ion source, which was operated in positive ion mode. The source was operated at 2.0 kV with transfer-capillary temperature maintained at 250°C and S-Lens RF level set at 60. MS spectra were obtained by scanning over the range m/z 350–2000. Mass spectra were acquired in the Orbitrap mass analyzer with 1 microscan per spectrum for both MS and MS/MS. Resolving power for MS and MS/MS were set at 70,000 and 17,500, respectively. Tandem MS data were acquired in parallel with MS, on the top 20 most abundant multiply charged precursors, with higher energy collisional dissociation (HCD) at normalized collision energy of 30V. Precursors were isolated using a 2.0 m/z window and dynamic exclusion of 60 s was enabled during precursor selection. The data were determined twice.



Proteome Data Analysis

For TMT labeling, Proteome Discoverer (version 1.4, Thermo Scientific, USA) was used to search the UniProtKB/Swiss-Prot database. The parameters were set as follows: integration tolerance, 20 ppm; precursor mass tolerance, 10 ppm; fragment mass tolerance, 0.02 Da. Dynamic modification Oxidation/+15.99 Da and carbamidomethyl/+57.02 Da) were set as dynamic and static modifications. Proteins that were differentially expressed were determined by peptide identifications with 95% confidence interval. Meanwhile, TMT signal analyses showed at least two-fold change in abundance, and its P value was <0.05 in unpaired Student’s t-test.

For Label free, peptide identification and label free relative quantification analysis were carried out using Peaks Studio 8.5 software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Using A. baumannii UniProtKB database (326,258 sequences, downloaded in June 2019). Input parameters: 20 ppm precursor mass tolerance, 0.02 Da fragment mass tolerance. The false discovery rates for protein and peptides were set at a maximum of 1%.

Only those protein groups which passed the filter are displayed in the protein profile heatmap. The relative protein abundance is represented as a heat map of the representative proteins of each protein group. The representative proteins are clustered if they exhibit a similar expression trend across the samples.



Intact Glycopeptide Enrichment via Hydrophilic Interaction Liquid Chromatography (HILIC)

Glycopeptides in the samples were enriched by HILIC (The Nest Group, Inc.). Briefly, the tryptic and desalted peptides were resuspended in 80% ACN. The appropriate amounts of HILIC particle in 80% ACN were placed in Pierce spin columns (Thermo Scientific) and equilibrated three times using 80% ACN, which was followed by sample loading three times and washing two times with 80% ACN. Then, glycopeptides bound to the HILIC column were eluted three times with 100 μl of 0.1% TFA. The samples were dried by a SpeedVac and stored at −80°C until analysis.

The analytical column was coupled to a high-resolution Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific, San Jose, CA) with a nano electrospray ion source operated in positive ion mode. The source was operated at 2.0 kV with the transfer capillary temperature maintained at 250°C and the S-lens RF level set at 60. MS spectra were obtained by scanning over an m/z range of 350–2000. Mass spectra in both MS and MS/MS were acquired in an Orbitrap mass analyzer with 1 microscan per spectrum. The resolving power for MS and MS/MS was set at 70,000 and 17,500, respectively. Tandem MS data on the top 20 most abundant multiply charged precursors were acquired in parallel with MS data, with higher energy collisional dissociation (HCD) at a normalized collision energy of 30 V. Precursors were isolated using a 2.0 m/z window, and dynamic exclusion of 60 s was enabled during precursor selection.

Database searches were performed using Byonic software (v2.13.17, Protein Metrics, Inc.). The following parameters were set for the search: cleavage sites, RK; cleavage side, C-terminal; digestion specificity, fully specific; missed cleavages, 2; precursor mass tolerance, 10 ppm; fragmentation type, QTOF/HCD; fragment mass tolerance, 0.02 Da, and protein false discovery rate (FDR), 1% FDR (or 20 reverse counts). All the other settings were set at their default values.

Byonic scores reflect the absolute quality of the peptide-spectrum match and not the relative quality compared to other candidate peptides. The Byonic score ranges from 0 to approximately 1,000, with 300 being a good score, 400 a very good score, and peptide-spectrum matches with scores over 500 almost certainly correct. The DeltaMod value indicates whether modifications are confidently localized; DeltaMod values over 10 indicate a high likelihood that all modification placements are correct. Therefore, a score over 300, a DeltaMod value over 10, a q-value < 0.05, and an FDR < 0.1% were set as thresholds in this study. Systematic and comprehensive analyses of specific glycopeptides, glycoforms, and glycosylation sites related to our samples from all the proteins identified by Byonic were carried out.



Bioinformatics Analysis

To further understand the functions of differential expressed proteins (DEP) between drug-resistant and drug-susceptible A. baumannii isolates, The DEPs were further submitted to NCBI (National Center for Biotechnology Information) and Uniprot (https://www.uniprot.org/) for GO enrichment analysis (statistically significant differences of GO terms were defined by P < 0.05), KOBAS 2.0 (KEGG Orthology Based Annotation System; http://kobas.cbi.pku.edu.cn/home.do) for KEGG pathway analysis and STRING database (https://string-db.org/) for protein-protein interaction (PPI) analysis. The subcellular localization and the specific information of the DEPs were identified by pSORTb version 3.0.2 (https://www.psort.org/psortb/) and Pubmed, respectively. The potential glycosylation sites were output from NetOGlyc 4.0 Server (http://www.cbs.dtu.dk/services/NetOGlyc/).



RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR)

Eight A. baumannii clinical isolates (four resistant strains and four susceptible strains) from the same hospital (data shown in Supplementary Table 3) were used to determine the transcription of seven kinds of DEPs: Aminoglycoside (3’) phosphotransferase AphA1 or APH (3’)-Ia (AFV53106), Beta-lactamase AmpC (AFA35105/AFA35107), Outer membrane protein assembly factor BamD (WP_000056810), MFS transporter (RSR57702), ABC transporter (AXV52620), HlyD membrane-fusion protein of T1SS (ENV25944), and Elongation factor Tu (KLT84190). Primers are listed in Supplementary Table 1. All isolates were grown overnight at 37°C in LB broth, and sub-cultured 1/100 into fresh LB broth for 4 h. RNA extraction was performed using RNAprep Pure Kit (TianGen). The extracted RNA was reversed to cDNA using the All-in-One™ First-Strand cDNA Synthesis Kit (TaKara). Then qRT-PCR were performed using the 2*SYBR Green qPCR Master Mix (Low Rox). The CT value was obtained by using the 7500 Fast DX instrument, rpoB was used as the internal parameter. The normalized relative expression levels of the target genes were calculated by the comparative cycle threshold (2-ΔΔCT). The data obtained were analyzed and plotted with Graphpad prism version 5.0. Error bars represent the SDs. Significant differences were defined by P < 0.05 (*), P < 0.01(**), and P < 0.001(***).




Results and Discussion

Proteomics analysis uses non-targeted research to directly detect the expression of a large number of proteins. In this study, we used TMT labeling-based proteomics, label-free proteomics, and glycoproteomics to analyze the differentially expressed proteins between 9 MDR and 10 drug-susceptible A.baumannii isolates. All MDR strains are resistant to Cefepime, imipenem, gentamicin, tobramycin, levofloxacin, ciprofloxacin, and paediatric compound sulfamethoxazole. Drug-susceptible isolates are only non-susceptible to penicillins and cephalosporins of the eight antimicrobial categories listed in Supplementary Table 2.


Analysis of TMT Labeling-Based Proteomics

For the TMT labeling-based proteomics, we randomly selected 10 isolates (5 MDR and 5 drug-susceptible) and made them into 5 drug-resistant and drug-susceptible pairs. Each pair was subjected to two biological replicates. The MDR isolates and drug-susceptible isolates were labelled by 127 and 126 reagent, respectively. In the first pair, 2,270 and 2,730 proteins were found in two biological iterations, and a total of 3,884 proteins were identified. In the second pair, 2,050 and 2,061 proteins were found respectively, and a total of 3,150 proteins were found. In the third pair, 2,695 and 2,200 proteins were found, and a total of 3,782 proteins were found. In the fourth pair, 1,953 and 1,874 proteins were found, and a total of 2,977 proteins were identified. In the fifth pair, 2,021 and 1,927 proteins were found, and a total of 3,051 proteins were found. In order to conduct an overall analysis, we finally selected 127/126 ≥ 2 and ≤0.5 data for analysis. As seen in Supplementary Table 4, a total of 70 proteins were obtained with the same expression trend in more than 4 pairs, among which there were 23 kinds of proteins with the same expression trend in 5 pairs. The relative molecular mass of the protein is between 6 and 118 kda, a larger proportion is between 10 and 50kda, and the isoelectric point is between 4.42 and 11.12. 58 up-regulated proteins (127/126 ≥ 2) and 12 down-regulated proteins (127/126 ≤ 0.5) were expressed in MDR isolates. Gene Ontology (GO) analysis can classify genes to different groups according to their functions. Based on the GO annotation analysis, the proteins were classified into three categories: molecular function, cellular component, and biological process. GO analysis with the largest number of proteins involved were shown in Figure 2, up-regulated proteins are classified into 20 molecular function related proteins, 11 cellular component related proteins, and 14 biological process related proteins; downregulated proteins are classified into 7 molecular function related proteins, 3 cellular component related proteins, and 5 biological process related proteins. The DEPs of MDR and drug-susceptible isolates focused on catalytic activity and binding. There are 22 KEGG pathways involved in the down-regulated proteins, most of which are involved in metabolic pathways; 39 KEGG pathways are involved in the up-regulated proteins, which are mostly involved in metabolic pathways, carbon metabolism, and biosynthesis of amino acids (Supplementary Figure 1). The PPI net showed the interactions of the 59 proteins. The average node degree is 2.78 and the interaction of ribosomal-related proteins is relatively dense (Supplementary Figure 2).




Figure 2 | GO enrichment analysis of DEPs in TMT-labeling proteomics. The MDR isolates and drug-susceptible isolates were labelled by 127 and 126 reagent. Up-regulated and down-regulated means 127/126 ≥ 2 and ≤0.5, respectively. Each column represented the number of proteins involved in GO annotation analysis of DEPs in TMT-labeling proteomics. Statistically significant differences of GO terms were defined by P < 0.05.





Analysis of Label Free Proteomics

We analyzed 10 drug-susceptible isolates and 9 MDR isolates by label free proteomics and obtained 102 proteins that are all present in more than 8 resistant isolates and only in 1 or less susceptible isolate (Supplementary Table 5). The number of proteins involved in molecular function, cellular component, and biological process are 52, 20, and 33, respectively (Figure 3). DEPs mainly focused on catalytic activity, binding, cellular process, metabolic process, and cellular anatomical entity. A total of 48 KEGG pathways (input numbers) were involved in Metabolic pathways (28), Carbon metabolism (11), Biosynthesis of amino acids (10), Glycine, serine and threonine metabolism (7), Valine, leucine and isoleucine degradation (6), Cysteine ​​and methionine metabolism (6), Glyoxylate and dicarboxylate metabolism (5), etc. (Supplementary Figure 3). The PPI network diagram showed a total of 87 protein interactions, with an average node degree of 0.437 (Supplementary Figure 4). The heat map of similar expressed proteins showed differences in the expression of resistant isolates and susceptible isolates, differences in strains would also lead to different expression levels of some proteins in different bacteria (Figure 4).




Figure 3 | GO enrichment analysis of DEPs in label free proteomics. The proteins in label free proteomics are all present in more than 8 resistant isolates and only in 1 or less susceptible isolate. Each column represented the number of proteins involved in GO annotation analysis of DEPs in label free proteomics. Statistically significant differences of GO terms were defined by P < 0.05.






Figure 4 | Heat map of the representative proteins of each isolate. “R” means drug-resistant isolates and “S” means drug-susceptible isolates. The representative proteins identified from label free proteomics are clustered if they exhibit a similar expression trend across the samples. The hierarchical clustering is generated using neighbor joining algorithm with a Euclidean distance similarity measurement of the log2 ratios of the abundance of each sample relative to the average abundance.





Different Expressed Proteins (DEPs) in Drug-Resistant Isolates vs. Drug-Susceptible Isolates

The results from TMT labeling-based proteomics and label free proteomics were combined and we found a total of 164 DEPs. The subcellular localizations of these DEPs were mainly in the cytoplasm, the proteins up-regulated or identified by label free proteomics mainly on the periplasmic or outer membrane of the cell (Figure 5). We further classified the proteins into six groups with different functions. According to this classification, there were 12, 20, 22, 14, 60, and 37 differentially expressed proteins of A, B, C, D, E, and F group, respectively. As following:




Figure 5 | The subcellular localization of DEPs in TMT-labeling proteomics and label free proteomics.





Proteins Related to Antibiotic Resistance

In this study, we found 12 proteins more abundant in the MDR isolates classified to group a (Table 1). These 12 proteins belong to a variety of known antibiotic resistance proteins, such as beta-lactamases and aminoglycoside phosphotransferase. The resistance of Acinetobacter to β-lactam is mainly due to the synthesis and enzymatic degradation of the species-specific β-lactamase, all four types of β-lactamases have been identified in A. baumannii (Lee et al., 2017), and the analysis of 23 MDR A. baumannii clinical isolates in Taiwan has shown that all A. baumannii can encode AmpC cephalosporins (Lin et al., 2011). OXA-23 and OXA-72 belong to class D β-lactamases (Donald et al., 2000; Evans and Amyes, 2014). Metal-dependent hydrolases such as metal β-lactamase (MBL) are zinc-dependent hydrolases that can cleave the β-lactam bond of most β-lactam antibiotics (Parimelzaghan et al., 2016; Kwapien et al., 2017). In this study, both metal-dependent hydrolase-related proteins and β-lactamase-related proteins were up-regulated in MDR isolates. The resistance of Acinetobacter to aminoglycoside antibiotics is mainly through N-acetylation, adenylation or O-phosphorylation modification to inactivate aminoglycosides (Seward et al., 1998; Shakil et al., 2008). AphA1b is one of the modifying enzymes involved in aminoglycoside resistance (Nigro et al., 2011). In this study, it is uniquely expressed in MDR isolates, which can explain its prevalence to tobramycin, gentamicin, and other aminoglycoside antibiotics. DacD (D-alanyl-D-alanine carboxypeptidase) belongs to penicillin binding proteins (PBPs) (Spidlova et al., 2018), also called PBP6b in A. baumannii, which is involved in the metabolism of peptidoglycans (Cayô et al., 2011). In addition, studies have found that Cell division protein ZapA is related to the resistance of β-lactam antibiotics (Knight et al., 2016). These proteins are all up-regulated in the drug-resistant isolates in this study.


Table 1 | Proteins related to antibiotic resistance.





Membrane Proteins, Membrane Transporters, and Proteins Related to Membrane Formation

The second category contains of 20 DEPs (Table 2) including 1 down-regulated protein and 19 up-regulated proteins. Thioredoxin, which is a member of the thioredoxin superfamily, is involved in the virulence of bacteria and also related to the expression of genes related to the ABC transport system (May et al., 2019). This protein is shown to be down-regulated in our results which are consistent with the literature. The upregulated proteins in this group include proteins that play a key role in the formation of the outer membrane, proteins related to maintaining the integrity of the outer membrane, pump proteins, and outer membrane proteins: β Barrel Outer Membrane Protein (BAM) is related to bacterial nutrient acquisition, protein secretion, signal transduction and bacterial survival, and drug resistance (Sikora et al., 2018). Porin has been shown to play an important role in the resistance mechanism (Lee et al., 2017). Lipoprotein can act as a fusion protein to promote the complete biogenesis of the cell membrane (Melly et al., 2019). Studies have found that lipoproteins are upregulated in MDR A. baumannii strains (Chopra et al., 2013). SurA is a periplasmic chaperone protein involved in the folding of outer membrane porins, and is closely related to the integrity of the outer membrane (Bell et al., 2018). The alpha/beta hydrolase folding superfamily is a class of hydrolase enzymes involved in lipid metabolism, cell membrane maintenance, virulence, efflux, and metabolism of cell (Johnson, 2017). Outer membrane protein A (OmpA) is the outer membrane protein of bacteria, which is related to the efflux pump and drug resistance of bacteria (Kwon et al., 2017). The expression of OmpW is down-regulated in carbapenem-resistant strains, and its down-regulation can make PBPs unavailable (Tiwari et al., 2012). Study have also found that OmpW has a higher expressed in MDR strains (Chopra et al., 2013). The outer membrane protein CarO is associated with carbapenem drug resistance (Xiao et al., 2016). The multicomponent efflux pump system is widely present in bacteria and it can make bacteria resistant to antibiotics by pumping out antibiotics. Six superfamily of resistant pumps have been identified in A. baumannii: major facilitator superfamily (MFS), resistance nodulation division (RND), multidrug and toxic compound extrusion (MATE), small multidrug resistance (SMR), ATP-binding cassette (ABC), and proteobacterial antimicrobial compound efflux (PACE) (Pérez-Varela et al., 2019). In our study, we found that both ABC transporter, MFS transporter, and RND transporter were up-regulated. MFS efflux pump and ABC transporter have been found to be associated with quinolone resistance and beta lactam resistance (Correia et al., 2016; Xiao et al., 2016; Lari et al., 2018; Pérez-Varela et al., 2018). T1SS is formed by HlyB (ABC transporter), HlyD (membrane fusion protein), and TolC (outer membrane). Its C-terminal can carry a secretion signal, and the deletion of the C-terminal will cause secretion blocked (Holland et al., 2016). In our study, both the C-terminal target domain and the hypothetical protein F962_01862 encoding HlyD were up-regulated.


Table 2 | Proteins related to membrane proteins, membrane transporters, and membrane formation.





Stress Response-Related Proteins

We found there were 22 stress response-related proteins differentially expressed between MDR and drug-susceptible isolates (Table 3), among them, the expression of Antibiotic biosynthesis monooxygenase which can oxidize and inactivate antibiotics (Minerdi et al., 2016; Koteva et al., 2018) is interestingly down-regulated. The expression of heat shock proteins and acid shock proteins were upregulated. Heat shock protein is generally used as a molecular chaperone or protease to repair damaged proteins, and its expression increases during stress response such as antibiotic induction. Bacteria with heat shock proteins induced are more resistant to antibiotic environments (Cardoso et al., 2010). Acid shock protein can improve the acid resistance of bacteria (Villarreal et al., 2000). Other proteins related to the stress response and resistance to environment were also upregulated as following: Trigger factor (TF) can play a key role as a molecular chaperone, also related to the resistance to the external environment (Lee et al., 2009). Heavy metal-associated (HMA) domain proteins can give bacteria the ability to resist high metal environments (Maynaud et al., 2014). Rhodanese-Like Domain (RHD) Protein participates in biological processes such as sulfur metabolism and environmental adaptability (Cipollone et al., 2007). Superoxide dismutase (SOD) can effectively catalyze the conversion of superoxide free radicals and protect bacteria from reactive oxygen. It has been shown to be related to the oxidative stress response of Acinetobacter baumannii and its resistance to antibiotics (Heindorf et al., 2014). Catalase catalyzes the degradation of hydrogen peroxide and is closely related to the defense of bacteria against related environments (Sun et al., 2016). Universal stress protein (Usp) helps bacteria adapt to oxidative stress, high temperature, pH, etc. (Elhosseiny et al., 2015). Aldehyde dehydrogenase (AldA) is related to a variety of metabolic processes such as redox regulation of bacteria, and can participate in environmental stress defense such as hypochlorite stress (Imber et al., 2018). Cysteine ​​synthase CysK can be used to synthesize cysteine (Bogicevic et al., 2016), and cysteine ​​related products are important molecules required for the oxidative stress response of bacteria (Hicks and Mullholland, 2018). NAD(P)H-quinone oxidoreductase participates in quinone detoxification and helps bacteria to survive under adverse conditions (Ryan et al., 2014), which is also related to resistance to oxidative stress (Kishko et al., 2012). Bacterial proteases play an important role in the survival, stress response, and pathogenicity of bacteria (Culp and Wright, 2017). Isochorismatase family protein is related to serum resistance in A. baumannii (Jacobs et al., 2010). Response regulators are related to the tolerance to dehydration and resistance to oxidative stress (Farrow et al., 2018). The toxin antitoxin system also regulates the response of SOS stress (Fernández-García et al., 2016).These proteins all showed upregulated or unique expressed in MDR isolates in this study. The upregulated expression of these stress proteins that resist the external environment may promote the resistance of bacteria by making the resistance of bacteria more stable.


Table 3 | Stress response-related proteins.





Proteins Related to Gene Expression and Protein Translation

The forth group is proteins that have important functions for gene expression and protein translation or modification (Table 4). The expression of Serine hydroxymethyltransferase in this class is down-regulated. This protein is an iron inhibitory protein and can bind to mRNA to control gene expression and participate in the overall bacterial response (Nwugo et al., 2011). Up-regulated proteins includes enolase, DNA breaking-rejoining elements, ribosomal proteins, elongation factor Tu (EF-Tu), ribonuclease E (RNase), Valyl-tRNA synthetase, NusA, and long-chain fatty acid transport proteins. Enolase can play a central role in RNA processing (Krucinska et al., 2019). DNA breaking-rejoining enzymes play an important role in the transmission of genetic elements (Van Houdt et al., 2012). The ribosomal protein S4 RpsD is related to the assembly of ribosomes (Olsson and Isaksson, 1979). The 50S ribosomal proteins L15 and L16 are important translation proteins (McNicholas et al., 2001; Dutton et al., 2016). EF-Tu is also related to protein translation and can interact with a variety of proteins to perform different biological functions (Premkumar et al., 2014). EF-Tu and ribosomal protein can help the production of bacterial protein, and some study have found them upregulated in carbapenem-resistant strains (Tiwari et al., 2012). RNase can perform different processing on RNA to regulate gene expression (Mardle et al., 2019). Valyl-tRNA synthetase is responsible for the aminoacylation of tRNA (Heck and Hatfield, 1988). Nucleoid-associated proteins play an important role in concentrating DNA and regulating gene expression (Lee and Marians, 2013). Transcription termination/antitermination protein NusA can bind to RNA polymerase or nascent RNA to influence transcription (Qayyum et al., 2016). Long-chain fatty acid transport proteins are involved in the transport of fatty acids and can affect intracellular signal transduction and gene expression (Dirusso and Black, 2004).These proteins may help the expression of drug resistance-related proteins by influencing the progress of gene expression or protein translation.


Table 4 | Proteins related to gene expression and protein translation.





Metabolism-Related Proteins

The largest category contains 60 DEPs expressed differently between the MDR isolates and drug-susceptible isolates. These proteins are mainly related to metabolism (Supplementary Table 6). This group includes seven downregulated proteins, which are Serine hydroxymethyltransferase, NADH-quinone oxidoreductase, Malate dehydrogenase, Non-heme chloroperoxidase, 3,4-dihydroxy-2-butanone 4-phosphate synthase, Ketol-acid reductoisomerase [NADP (+)] and Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta. They participate in the biosynthesis of serine, tetrahydrofolate, nitropyrrolidin, branched-chain amino acids, and fatty acids which are related to cellular processes such as bacterial respiration and TCA cycle (Shin et al., 2009; Nwugo et al., 2011; Deris et al., 2014; Reddy et al., 2014; Krishna et al., 2019). Among them, Malate dehydrogenase, which is upregulated in bacterial biofilm state (Shin et al., 2009), and the expression of it in carbapenem-resistant A.baumannii was up-regulated, the researcher hypothesis that it contributes to energy production and can improve the survival rate of bacteria (Tiwari et al., 2012). In our results, the protein is down-regulated. We speculate this may be due to strain differences. There are 53 up-regulated or uniquely expressed proteins in MDR strains, which are involved in lipid metabolism (Jang et al., 2008; Gu et al., 2019), amino acid metabolism (Stancik et al., 2002; Bezsudnova et al., 2017), TCA cycle (Corregido et al., 2019), purine anabolic metabolism (Spurr et al., 2012), pyruvate metabolism (Song et al., 2010), fatty acid metabolism (Nishimaki-Mogami et al., 1987), intracellular electron transfer of bacteria (López Rivero et al., 2019), nutrition and energy acquisition (Drewke et al., 1996), and other metabolic processes. In addition, the heavy metal associated (HMA) domain protein which is closely related to the utilization and metabolism of metal ions such as copper ions and zinc ions (Furukawa et al., 2018) is also up-regulated.



Proteins With Unknown Function or Other Functions Containing Biofilm Formation and Virulence

The final category F includes proteins with unknown functions or other functions besides the other five groups such as virulence or biofilm formation (Supplementary Table 7). Studies have found that the resistance of bacteria to disinfectants and antibacterial agents will be greatly increased after the formation of biofilms (Høiby et al., 2010) and the resistance of A. baumannii that produces biofilms is significantly higher than that of bacteria that cannot produce biofilms (Gurung et al., 2013). The mechanisms of biofilm formation causing resistance include delaying the penetration of antibacterial agents into bacteria, causing changes in the growth rate of membrane-forming microorganisms, and upregulating efflux pumps and other physiological metabolic differences (Donlan and Costerton, 2002; Kentache et al., 2017). Our study also found the proteins related to biofilm formation expressed more in drug-resistance isolates. For example, flagellin which is involved in the formation of bacterial flagella and the fimbriae assembly protein FilF are both related to bacterial biofilm formation (Karatan and Watnick, 2009). Histidine kinase and esterase members are also involved in the formation of biofilms (Chen et al., 2017; Larsen and Johnson, 2019). They both are upregulated in our study. A comparison of drug-resistant clinical strains and susceptible clinical strains found that drug-resistant clinical strains contain more virulence factors such as FilF, GroEL, and hemagglutinin-like protein (Li et al., 2015). In our study another type of up-regulated protein is mainly related to the virulence of bacteria. For example, hemolysin is one of the virulence factors of bacteria and is closely related to the pathogenicity of bacteria (Bhakdi et al., 1988). Cupin family protein is a superfamily of proteins with multiple functions such as metalloenzymes, sugar binding, and pathogenicity (Sim et al., 2016). Several hypothetical proteins are also up-regulated in MDR strains. Among them, putative septicolysin, cholesterol-dependent cytolysin family, and related proteins are generally virulence factors produced by bacteria (Lukoyanova et al., 2016). Other uncharacterized proteins are also upregulated. It is worth noting that an undefined protein is a member of LysM domain/BON superfamily protein. The unknown functional protein of LysM domain/BON superfamily protein was detected in both upregulated and downregulated proteins. A previous study found that a 16 kDa protein of LysM domain/BON superfamily protein detected in the outer membrane protein of susceptible Klebsiella pneumoniae (Kádár et al., 2017). Another study found that it may be related to the stress response of Klebsiella pneumoniae to Carbapenem (Khan et al., 2017). However, its specific function is unknown and deserves further study.



Analysis of Glycoproteomes

Studies have found that O-glycosylation mechanism is widespread in A.baumannii, and it is closely related to the virulence and biofilm formation ability of the bacteria (Iwashkiw et al., 2012; Kinsella et al., 2015), but its association with drug resistance was rarely reported. Other post-translational modifications such as phosphorylation and acetylation have been shown to be related to drug resistance (Kentache et al., 2016). Our study aimed to identify the different glycosylation between the MDR and drug-susceptible strains. A total of 77 glycoproteins were found in the 9 MDR isolates and 97 glycoproteins were found in the 10 drug-susceptible isolates. MDR strains had 10 specifically expressed polysaccharides, and drug-susceptible strains had 30 specifically expressed polysaccharides (Supplementary Table 8). The specifically expressed polysaccharides found in MDR strain contain chaperone protein DnaK and phosphoenolpyruvate carboxykinase which both are essential for metabolism and survival (Supplementary Table 9). By further analysis, we found a polysaccharide form of HexNAc(2)Hex(2)Fuc(1) on the S21 (OGlycan/876.3223) site of adenylate kinase (the product of adk) is present in six MDR isolates and not exist in any drug-susceptible isolates. NetOGlyc predicts an additional glycosylation site at site 129 that is more likely to carry O-GalNAc modifications in this protein. The adenylate kinase is related to energy metabolism (Shin and Park, 2015). There is a study showed that the main mechanism of multidrug resistance is the increased activity of adenosine triphosphate (ATP)-dependent drug efflux transporters (Wen et al., 2018). Therefore, we speculate that glycosylation of adenylate kinase is closely related to the metabolism of bacteria, which may enhance the bacteria’s metabolic ability and efflux ability to enhance their drug resistance.



Transcription Level of 7 DEPs by qRT-PCR

To verify the results from proteomics, we randomly chose another eight A.baumannii isolates from the same hospital to identify the transcription level of 7 DEPs: Aminoglycoside (3’) phosphotransferase AphA1 or APH (3’)-Ia (AFV53106), Beta-lactamase AmpC (AFA35105/AFA35107), Outer membrane protein assembly factor BamD (WP_000056810), MFS transporter (RSR57702), ABC transporter (AXV52620), HlyD membrane-fusion protein of T1SS (ENV25944), and Elongation factor Tu (KLT84190). Our results (Figure 6) showed that the transcription levels of AFV53106, AF135105, AXV52620, and ENV25944 in MDR isolates have a higher trend than that of drug-susceptible isolates, which is consistent with the results of proteomics. However, the transcription levels of WP_000056810, RSR57702 and KLT84190 in MDR isolates and susceptible isolates showed no difference. Previous studies have also found disparity between the protein levels and transcription levels of certain genes. This may be due to protein expression and post-translational modifications. In general, the verification of other MDR strains and drug-sensitive strains showed consistency with the proteomic results, indicating that the protein obtained in our results is closely related to the resistance mechanism of A.baumannii.




Figure 6 | qRT-PCR analysis of 7 representative proteins: The normalized expression level (2-ΔΔct) of 7 DEPs genes of the resistant isolates and susceptible isolates were tested by qRT-PCR. rpoB was used as the internal parameter. Error bars represent the SDs.



In conclusion, our study found that in MDR strains, a large number of membrane proteins and membrane formation and efflux-related proteins, metabolism-related proteins, stress response-related proteins, and proteins involved in gene expression regulation and protein translation are all upregulated, and glycosylation of adenosine triphosphate is unique in MDR strains. Through the study of the mechanism of multidrug resistance of A.baumannii, treatment can be adopted for its resistance mechanism to improve the success rate of treatment of A.baumannii infection, such as using engineered endolysin to degrade bacterial peptidoglycan to replace carbapenem drugs (Lee et al., 2017) or add certain compounds that can increase the energy production of bacteria and enhance the permeability of their cell membranes during antibiotic treatment to promote the therapeutic effect of antibiotics (Shin and Park, 2015). The development of vaccines against drug-resistant-related proteins is also another effective strategy to solve drug-resistant bacterial infections (Mujawar et al., 2019). This study uses plenty of isolates for comparative and comprehensive analysis, however, because these isolates were isolated from the same hospital and might have similar genetic phenotypes, we still need further study like expanding sample sources or sequencing these isolates to found the genetic mechanism. In addition, the specific mechanism of how DEPs-related genes influence drug resistance still needs to be further studied and explored using auxiliary methods such as gene knockout to support the results of proteomics.
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Early and rapid identification of microorganisms is critical for reducing the mortality rate caused by bloodstream infections (BSIs). The accuracy and feasibility of directly identifying pathogens in positive blood cultures by matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been intensely confirmed. In this study, we combined density centrifugation and extra chemical lysis-extraction to develop an optimized method in the blood culture process, which significantly improved the effectiveness of direct identification by MALDI-TOF MS. The accuracy was evaluated by 2,032 positive blood culture samples (115 species of microorganism). The overall MALDI-TOF MS based identification rate with scores ≥ 1.700 was 87.60%. 94.06% of gram-negative bacteria were identified consistently to the genus level, followed by anaerobes (93.33%), gram-positive bacteria (84.46%), and fungi (60.87%). This protocol could obtain results within 10–20 min at a cost of less than $0.1 per sample, which saved up to 24 h in identifying 87.60% of the microorganism from positive blood cultures. This rapid and simplified protocol facilitates the direct identification of microorganism in positive blood cultures, and exhibits the advantages of cost-effective, time-saving, and easy-to-use. It could provide the causative organism of the patient to clinicians in time for targeted treatment and reduce mortality.
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Introduction

Bloodstream infections (BSIs) are the major cause of sepsis-related morbidity and mortality in hospitalized patients worldwide (Kumar et al., 2006; Tabah et al., 2012; Mortality and Causes of Death, 2015). The 58.3% of the nosocomial BSIs in the intensive care unit (ICU) were caused by gram-negative bacteria, 32.8% by gram-positive bacteria, 7.8% by fungi, and 1.2% by obligate anaerobes (Tabah et al., 2012). The mortality rate of sepsis-related hypotensive patients is increasing at a rate of 7.6% per hour (Kumar et al., 2006). Hence, rapid identification of the causative organism is crucial for the clinical treatment of BSIs and decreasing mortality.

Blood culture remains the reference standard for the diagnosis of BSIs (Peker et al., 2018). The traditional identification process requires culture broth from the positive blood culture bottles to be streaked on solid media and incubated for 18–24 h. The pure colonies were obtained from those subculture media for subsequent pathogen identification and antimicrobial sensitivity testing (AST). Although this traditional method is useful for routine identification of general organisms, it is challenging for fastidious bacteria such as anaerobes (Dubourg and Raoult, 2016). Moreover, the long turn-around time (TAT) would greatly depreciate its value as a rapid diagnostic method.

Matrix-assisted laser desorption ionization–time-of-flight mass spectrometry (MALDI-TOF MS) combines the MALDI source and the TOF mass. It can identify bacteria based on comparing the protein profiles of bacteria with standard profiles of known bacteria in a database (Angeletti, 2017). MALDI-TOF MS has been proved to be a high-throughput and efficient microbial identification system, which improves the reliability of microbial identification and reduces the complexity of operation (Martin, 2012; Gorton et al., 2014; Doern and Butler-Wu, 2016; Hou et al., 2019). It has been widely utilized in clinical microbiology laboratories, especially for conventional identification of pure colony cultured on solid mediums and direct identification of microorganism in blood cultures. Although notable efforts have been made, the existing methods are still relatively time-consuming and laborious, which limits the clinical application of MALDI-TOF MS in rapid diagnosis (Gorton et al., 2014; Jakovljev and Bergh, 2015; Robinson and Ussher, 2016). Also, nonbacterial proteins in blood culture broth disturb the analysis of microbial proteome profiles during direct identification. Therefore, a rapid and effective preprocessing method to eliminate interference proteins while also concentrating the bacterial is still explored. It could facilitate the widespread application of MALDI-TOF MS for the direct identification of microorganisms from blood cultures (Di Gaudio et al., 2018; Scohy et al., 2018).

This study aims to develop a relatively cost-effective and simplified protocol to directly identify microorganisms from positive blood cultures with high reliability. We optimized the previous pretreatment protocol, and prospectively assessed the performance of this protocol by comparing it with the conventional culture-dependent identification method. The complete workflow was shown in Figure 1. Our protocol would contribute to promptly provide causative organism of patients to clinicians for appropriate antimicrobial therapy promptly and reduce mortality.




Figure 1 | Workflow of direct identification in positive blood cultures using MALDI-TOF MS.





Materials and Methods


Sample Collection

2,081 blood culture bottles were detected positive from the Second Xiangya Hospital of Central South University between October 2018 to October 2019. 32 of the positive cultures failed to grow on subculturing, and 17 were polymicrobial. Those samples were excluded from the study. For patients with multiple blood cultures simultaneously, only the blood culture that was first reported to be positive was used for further experiments to avoid repetition. Finally, the remaining 2,032 monomicrobial blood cultures, belonging to 1,870 adult patients and 162 pediatric patients, were included in the study. This study has been approved by the research and ethics committee of the Second Xiangya Hospital of Central South University. All patients are anonymized and no results were used in patient management. Therefore, no informed consent was required.



Blood Culture Processing

Blood was taken with aseptic technique, directly inoculated into aerobic (BD BACTEC Plus Aerobic/F) and anaerobic culture vials (BD BACTEC Lytic/10 Anaerobic/F), or peds culture vials (BD BACTEC Peds Plus/F culture vials) (Becton Dickinson & Co, BD, Shanghai, China). Each adult patient needed an Aerobic and an anaerobic culture vials, the Peds vials were used only for pediatric patients. All blood culture bottles were loaded onto the BD BACTEC FX instrument (Becton Dickinson, Franklin Lakes, NJ, USA).



Conventional Culture-Dependent Identification Method

Upon signaling positive, the blood culture broth was analyzed by Gram stain and cultured onto a blood agar plate (BIOIVT, Zhengzhou, China) and/or obligate anaerobic agar plate (BIOIVT, Zhengzhou, China), and incubated in 5%CO2 at 35 ± 1°C for 18 to 24 h (Thermo Fisher Scientific, USA). Whenever Gram stain indicated the presence of fungi, the sample was additionally subcultured on SDA agar plate (BIOIVT, Zhengzhou, China) and incubated at 37°C for 48 h. Following incubation, a sterile, disposable inoculation loop was used to transfer sufficient colonies of a pure culture from those subculture media to a 96-spot polished steel target plate (Bruker Daltonics, Bremen, Germany) for MALDI-TOF MS analysis.



Lysis and Centrifugation

The blood culture bottle was vigorously shaken to ensure homogeneous mixing. 200 μl blood culture broth were harvested from positive blood culture and added into a 1.5 ml Eppendorf tube. 1 ml solution of Triton X-100 (Solarbio Biotech, Beijing, China) at a concentration of 0.2% were added. The mixture was vortexed briefly and then incubated at room temperature for 2 min. Following centrifuged at 12,000 rpm for 2 min, the supernatant was discarded, and a further 1 ml of 0.2% Triton X-100 was added before a second cycle of vortexing and centrifugation. The supernatant was discarded again, and the upper liquid was carefully removed to retain the white precipitation. Then, one loop of the white precipitation was picked out by a sterile, disposable inoculation loop and deposited onto a 96-spot polished steel target plate for MALDI-TOF MS analysis.



Extra Extraction for Fungi

The precipitation obtained in the previous step was re-suspended in 10 μl of 70% formic acid (Sigma-Aldrich, Shanghai, China). The mix was vortexed for 5 s and then incubated at room temperature for 2 min. Ten microliters of acetonitrile (Sigma-Aldrich) was added before a second cycle of vortexing and centrifugation. Finally, 1 μl of the supernatant was deposited onto a 96-spot polished steel target plate for MALDI-TOF MS analysis.



MALDI-TOF MS

After drying the bacterial pellet on a MALDI‐TOF MS target plate at room temperature, 1 μl of 70% formic acid (70% v/v) was added to each spot and air-dried (fungal pellets after an extra extraction could skip this step). Lastly, 1 μl of alpha‐cyano‐4‐hydroxycinnamic acid (HCCA) matrix solution was placed onto each spot and then air‐dried for MALDI-TOF analysis.

Bruker LT Microflex MALDI-TOF MS (Bruker, Daltonics, Germany), Bruker Biotyper 2.3 system software, and Bruker database 5989 were adopted to read the target plates. The mass spectrometer was calibrated using a Bruker BTS (bacterial test standard) spot: Escherichia coli and three internal control spots: Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923, and Candida albicans ATCC 90028. After analysis with Microflex LT, Biotyper software calculated a similarity score [log(score)] by comparing the protein spectra of each spot with the database spectra. Ten scores per spot could be obtained, ranging from a higher to lower probability of valid identification. According to the manufacturer’s instructions, a score ≥2.000 indicates identification to the species level, a score between 1.700 and 1.999 indicates identification to the genus level, and a score <1.700 indicates no reliable identification. The inconsistent identification between the conventional culture-dependent method and optimized protocol was further characterized by 16S rRNA gene sequencing at the reference laboratory.




Results

In this study, a total of 2,032 positive blood cultures [57.48% (1,168/2,032) aerobic blood culture vials, 34.55% (702/2,032) anaerobic blood culture vials, and 7.97% (162/2,032) Peds blood culture vials] were collected after excluding 32 bacteria‐free blood cultures and 17 polymicrobial blood cultures (Figure 2A). All samples were classified based on the identification of the conventional culture-dependent method. 48.03% (976/2,032) strains were gram-negative bacteria, 43.7% (888/2,032) strains were gram-positive bacteria, 6.79% (138/2,032) strains were fungi, and 1.48% (30/2,032) strains were anaerobes (Figure 2B). The 115 different microbial species were isolated, and the effectiveness of the optimized method was evaluated by comparing with the conventional culture-dependent method under different log(score) threshold (Table 1). Without considering the cut-off value, the total coincidence rate of direct identification was 97.39% (1,979/2,032) compared to the conventional method. When setting the cut-off threshold to 1.700, the coincidence rate was 87.60% (1,780/2,032). More precisely, we identified 94.06% (918/976) gram-negative bacteria, 93.33% (28/30) anaerobes, 84.46% (750/888) gram-positive bacteria, and 60.87% (84/138) fungi to the genus level (Figure 3A and Table 2). The most common isolates from BSIs in this study were Escherichia coli (18.21%, 370/2,032), Klebsiella pneumoniae (10.53%, 214/2,032), and Staphylococcus aureus (10.29%, 209/2,032), which had high concordance rates of 98.92% (366/370), 97.66% (209/214), and 97.61% (204/209) respectively. The identification rates of different culture bottles were similar. The Peds blood culture bottles (88.27%, 143/162) had an excellent identification rate, followed by aerobic blood culture bottles (86.56%, 1,011/1,168), and anaerobic blood culture bottles (86.48%, 607/702) (Figure 3B).




Figure 2 | Distribution of blood culture vials and different microbial groups identified by conventional culture-dependent method. (A). Distribution of blood culture vials used in this study. (B). Distribution of different microbial groups identified by conventional culture-dependent method.




Table 1 | Consistency rate of the conventional culture-dependent method and the optimized method for identifying positive blood cultures by MALDI‐TOF MS (n = 2032).








Figure 3 | Consistency rates of the optimized protocol for direct identification of microorganisms from positive blood cultures with the conventional method. (A). The percentages of concordant results were 93.33%/60.87%/84.46%/94.06%, respectively for Fungi, Anaerobes, Gram-positive bacteria, and Gram-negative bacteria with a log(score) of ≥1.700. (B). The percentages of concordant results were 88.27%/86.48%/86.56%, respectively for Peds/Anaerobic/Aerobic blood culture vials with a log(score) of ≥1.700. (C). The percentages of concordant results were 88.24%/82.81%/96.77%/97.66%/98.92%, respectively for general gram-negative bacteria Stenotrophomonas maltophilia, Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumonia, and Escherichia coli with a log(score) of ≥1.700. (D). The percentages of concordant results were 94.74%/95.12%/96.15%/95.65%/86.79%/97.61%, respectively for general gram- positive bacteria Enterococcus faecalis, Enterococcus faecium, Streptococcus anginosus, Streptococcus sanguini, Staphylococcus epidermidis, and Staphylococcus aureus with a log(score) of ≥1.700.




Table 2 | The percentage of concordant results between direct identification and conventional method among 2,032 monomicrobial blood cultures.



With the optimized protocol, 94.06% (918/976) gram-negative isolates were identified with a score ≥1.700. A lower percentage was reached to the species level, which is 68.95% (673/976). There were 721 Enterobacterales strains in total, and 96.81% (698/721) were identified with scores higher than 1.700. Nonfermenting gram-negative bacilli, mainly consists of Acinetobacter, Pseudomonas, and Stenotrophomonas, also had a high compliance rate with the results obtained from the conventional phenotypic identification, which is 89.07% (163/183) (Figure 3C).

For 888 gram-positive organisms, the scores of 84.46% (750/888) isolates ≥1.700. There are 88.91% (521/586) Staphylococcus were identified to the genus level. A score ≥1.700 was obtained for 97.61% (204/209) of Staphylococcus aureus. The 121 isolates of Streptococcus exhibited 71.18% (121/170) concordance with the results of conventional laboratory culture-dependent identification. Streptococcus anginosus, Streptococcus sanguinis, and Streptococcus gordonii showed high confidence identification rates, which were 96.15% (25/26), 95.65% (22/23), and 94.44% (17/18) respectively. Also, Enterococcus presented excellent identification with 92.31% (60/65) to the genus level. Enterococcus faecium and Enterococcus faecalis were correctly identified with 95.12% (39/41) and 94.74% (18/19) with scores higher than 1.700 (Figure 3D).

Among the fungi, 84 out of 138 samples (60.87%) were able to be identified at the genus level with the optimized protocol. There were seven different species of fungi that had been identified in our study. After extra lysis, Candida tropicalis had a concordance rate of 80.95% (34/42) with scores higher than 1.700, and 74.36% (29/39) Candida parapsilosis was identified to genes level. Low concordance rate was associated with Candida albicans (33.33%, 11/33) and Candida glabrata (30%, 6/20).

Seven species of anaerobic bacteria were included in our study. 93.33% (28/30) anaerobic bacteria were secured to the genus level. All of our 21 strains of gram-negative anaerobes were successfully identified to the genus level. Only two strains of gram-positive anaerobes failed to obtain reliable results. One (of two) Propionibacterium acnes got a score of 1.659, nearly to 1.700. One (of four) Clostridium innocuum got a score under 1.400.

The pretreatment time including lytic, washing, and re-suspension bacteria is about 10 min, and the identification time for MALDI-TOF MS analysis is about 2 min. Hence, only 12 min is needed for this protocol. For the identification of fungi, due to the requirement for additional extraction steps, the sample processing time is about 10 min longer than that of bacteria.



Discussion

We described a rapid and simplified protocol for direct identification of microorganisms from positive blood cultures with MALDI-TOF MS in this study. The efficacy of the protocol was validated with 2032 isolates. Enterobacterales (96.81%), Enterococcus (92.31%), Nonfermenting bacilli (89.07%), Staphylococcus (88.91%), and other general organisms causing BSIs were excellently identified. It is worth noting that, compared to existing methods, including similar lysis and centrifugation approach, our protocol shows superiority. The identification success rates of our method are similar to more complicated methods but higher than most of the nonmodified methods (Table S1) (Campigotto et al., 2018; Lin et al., 2018; Pan et al., 2018; Tsuchida et al., 2018; Azrad et al., 2019). We noticed that Simon’s research group has used the lysis and centrifugation method for blood culture broth extraction. Among 632 blood cultures, they reached a concordance rate of 80% with the conventional method when the log (score) threshold was ≥1.500 (Simon et al., 2019). However, they didn’t include fungi in their work. Unlike Simon’s work, we have developed an effective extra extraction process for fungi, which is the contribution of our work. Besides, our protocol remarkably shortened the duration of the processing, and less amount of broth is needed (Table S2) (Loonen et al., 2012; Robinson and Ussher, 2016; Yonetani et al., 2016; Caspar et al., 2017). It is also easier to be integrated into clinical laboratories because it is economic and requires fewer personnel.

The species identification success rate of gram-negative aerobes was generally high. However, we noticed that five (of 28) strains of Enterobacter cloacae were incorrectly identified as Enterobacter hormaechei, which is in line with the previous study (Juiz et al., 2012). Meanwhile, the 10 discordant results of Acinetobacter baumannii consisted of six Acinetobacter nosocomialis and four Acinetobacter pittii. Several studies have reported that MALDI-TOF MS had defects in the species-level identification of Acinetobacter spp as well as Enterobacter spp, because their species are similar in phenotype and protein profile (Turton et al., 2010; Lee et al., 2011; Juiz et al., 2012; Jeong et al., 2016).

The consistency rate of our protocol with the conventional method for gram-positive bacteria (84.46%) is still lower than for gram-negative bacteria (94.06%). The thicker peptidoglycan cell walls of gram-positive bacteria can render these bacteria more resistant to cleavage than their gram-negative counterparts, resulting in poor MALDI-TOF MS profiles (Risch et al., 2010; Clark et al., 2013). Nine of ten mis-identified Streptococcus mitis/oralis were erroneously identified as Streptococcus pneumoniae in our study. Like other protocols, it is difficult to distinguish Streptococcus pneumoniae with Streptococcus mitis/oralis, which are closely related species of viridans group Streptococcus (VGS) (Yonetani et al., 2016; Simon et al., 2019). VGS have the similar 16sRNA and a close compose of protein (Yonetani et al., 2016). Although the ability of MALDI-TOF MS for identifying VGS into species-level remains controversial, the accuracy for identification to the group level was generally acceptable (Loonen et al., 2012; Su et al., 2018). Additional biochemical tests, such as bile solubility test and optochin susceptibility test could be utilized to help to discriminate Streptococcus pneumoniae from Streptococcus mitis/oralis.

What's more, we have been able to successfully identify 60% of fungi from blood cultures with extra extraction, which is higher than some studies (Vecchione et al., 2018; Azrad et al., 2019; Wu et al., 2019). It has been reported that the cut-off value could be lowered down to 1.400 without compromising accuracy (Lagace-Wiens et al., 2012; Saffert et al., 2012; Simon et al., 2019). When the cut-off value was not taken into account, all results of fungal samples obtained from our protocol were successfully matched with the results from the conventional method. As reported, the thick cell wall of fungi is one of the predominant reasons that hinder the identification (Prod’hom et al., 2010). The results obtained from this study indicated that extra lysis helps disturb the cell wall and liberate intracellular proteins. We noticed that some results of fungal samples with a score ≤1.700 obtained ten correct results after analyzed by Microflex LT, but with low bacterial load. Insufficient biomass of proteins would make it hard to obtain peaks of sufficient intensity for MS analysis (De Bruyne et al., 2011).

Due to its stringent cultivation requirements, anaerobes are difficult to be cultured and identified in clinical laboratories by conventional approaches. It should be noticed that the correct identification of anaerobes by our method was 93.33% (28/30), indicating that this method is reliable for directly identifying anaerobes.

The seven strains of Brucella could not be successfully tested at first because the Species database that the manufacturer provided did not contain the Brucella strains. After introducing the spectra of respective Brucella into the database, all tested Brucella were explicitly identified at the genus level using our protocol. Therefore, optimizing the libraries of information and perfecting the database is useful to improve the identification accuracy of MALDI-TOF MS (Veloo et al., 2018; Li et al., 2019).

This study provides supporting evidence for the direct identification of microorganisms from positive blood cultures by using MALDI-TOF MS, but there are several limitations. A larger-scale test is needed to obtain more accurate information. Although more than 2,000 isolates were included in this study, the sample sizes of fastidious bacteria, fungi, and anaerobes were relatively small. Besides, this protocol has been only tested in one clinical microbiology laboratory, the repeatability and reproducibility of the protocol need to be assessed. The strict and systematic training for operators should be conducted to eliminate the operative difference and reduce analytical errors (Li et al., 2019; Luethy and Johnson, 2019).

Our further study may focus on creating more user-defined databases, directly antimicrobial susceptibility testing, and detecting virulence factors. All of those studies will facilitate the continuing research on the clinical application of MALDI-TOF MS.

In conclusion, this easy-to-use and cost-effective protocol can accurately identify 87.60% of microorganisms from blood cultures in 20 min. It could remarkably shorten the TAT of BSIs diagnosis and reduce morbidity and mortality of patients.
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Moraxella bovoculi is the bacterium most often cultured from ocular lesions of cattle with infectious bovine keratoconjunctivitis, also known as bovine pinkeye. Some strains of M. bovoculi contain operons encoding for a repeats-in-toxin (RTX) toxin, which is a known virulence factor of multiple veterinary pathogens. We explored the utility of MALDI-TOF MS and biomarker detection models to classify the presence or absence of an RTX phenotype in M. bovoculi. Ninety strains that had undergone whole genome sequencing were classified by the presence or absence of complete RTX operons and confirmed with a visual assessment of hemolysis on blood agar. Strains were grown on Tryptic Soy Agar (TSA) with 5% sheep blood, TSA with 5% bovine blood that was supplemented with 10% fetal bovine serum, 10 mmol/LCaCl2, or both. The formulations were designed to determine the influence of growth media on toxin production or activity, as calcium ions are required for toxin secretion and activity. Mass spectra were obtained for strains grown on each agar formulation and biomarker models were developed using ClinProTools 3.0 software. The most accurate model was developed using spectra from strains grown on TSA with 5% bovine blood and supplemented with CaCl2, which had a sensitivity and specificity of 93.3% and 73.3%, respectively, regarding RTX phenotype classification. The same biomarker model algorithm developed from strains grown on TSA with 5% sheep blood had a substantially lower sensitivity and specificity of 68.0% and 52.0%, respectively. Our results indicate that MALDI-TOF MS biomarker models can accurately classify strains of M. bovoculi regarding the presence or absence of RTX toxin operons and that agar media modifications improve the accuracy of these models.




Keywords: MALDI-TOF MS, Moraxella bovoculi, infectious bovine keratoconjunctivitis, biomarker model, RTX toxin, Moraxella bovis



Introduction

Infectious bovine keratoconjunctivitis (IBK) is the most common ocular disease in cattle (Brown et al., 1998). IBK has a substantial economic impact including costs associated with treatment as well as decreased weight gain in affected animals and impacts animal welfare by causing pain and blindness (Killinger et al., 1977; Dewell et al., 2014). Moraxella bovis (M. bovis) is the only bacterium that has reproduced IBK-like lesions in a variety of experimental models (Henson and Grumbles, 1960; Aikman et al., 1985). Other bacteria are often associated with IBK, but so far none have produced disease experimentally. The most notable and frequently isolated of these associated bacteria is Moraxella bovoculi (Angelos et al., 2007b). While M. bovoculi has been unsuccessful at inducing IBK experimentally (Gould et al., 2013), it is more frequently isolated from IBK lesions when compared to M. bovis, using both aerobic culture and molecular detection techniques (Loy and Brodersen, 2014; Zheng et al., 2019). Despite the lack of proven causation for M. bovoculi in IBK to date, in 2017 the USDA approved the first conditionally licensed M. bovoculi based vaccine product to be marketed for the prevention of IBK (USDA CVM code: 2A77.00, Addison Biological Laboratory). Recently, whole genome sequencing of M. bovoculi has revealed a large degree of diversity within the species that led to the characterization of two distinct genotypes (genotype 1 and genotype 2) separated by over 23,000 single nucleotide polymorphisms (Dickey et al., 2018). To date, only genotype 1 M. bovoculi have been isolated from IBK lesions while both genotypes have been recovered from animals without clinical signs.

Strains of M. bovis have been shown to produce an exotoxin belonging to the repeats-in-toxin (RTX) class of exotoxins that is cytopathic to bovine erythrocytes and neutrophils (Clinkenbeard and Thiessen, 1991; Angelos et al., 2001). In M. bovis, this RTX toxin, encoded by mbxA within an operon, is often referred to by several names including cytolysin, hemolysin, or cytotoxin. RTX toxins are known virulence factors in a variety of veterinary pathogens, including species within the family Pasteurellacea (Linhartova et al., 2018). A well-studied example of this is the leukotoxin produced by Mannheimia haemolytica (Frey, 2019). These RTX toxins are secreted in a calcium-dependent manner via a type I secretion system (T1SS) responsible for translocating the toxin from the cytosol to the exterior (Linhartova et al., 2018) Like M. bovis, some M. bovoculi strains also contain a complete RTX operon that produces an RTX toxin, cytotoxin A encoded by mbvA (Angelos et al., 2007a). Like mbxA produced by M. bovis, mbvA of M. bovoculi is responsible for hemolytic and lytic activity on bovine cells (Cerny et al., 2006; Angelos et al., 2007b). Within M. bovoculi, only the disease associated genotype 1 strains have been shown to possess the RTX operon, although not all do (Dickey et al., 2018). Besides RTX toxins, both M. bovis and M. bovoculi express a type IV pilus, a known virulence factor in other bacterial pathogens (Angelos et al., 2021). These similar potential virulence factors between the two Moraxella species highlight the relevance of continued investigation into the diversity within M. bovoculi and how this diversity may impact IBK pathogenesis.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is an approach that is increasingly being applied to the identification of prokaryotes and eukaryotes. (Seng et al., 2009; Clark et al., 2013; Khot and Fisher, 2013; Karger et al., 2019). MALDI-TOF MS has replaced or supplemented more traditional biochemical identification methods as it is faster and increasingly more accurate as databases become mature. Using spectrum profiles generated from MALDI-TOF MS, biomarker models have been developed that are capable of differentiating subspecies and genotypes within a given bacterial species (Loy and Clawson, 2017; Mani et al., 2017; Perez-Sancho et al., 2018). Recently, a MALDI-TOF biomarker model was developed that accurately distinguishes M. bovoculi genotypes 1 and 2 (Hille et al., 2020). This model allows for the screening of strains for potential disease associated genotypes without the need for genome sequencing.

Genotype 1 M. bovoculi strains isolated from IBK associated eyes have been found with a higher frequency of the RTX operon than those isolated from unaffected eyes (Dickey et al., 2018). While it can be suspected based on a hemolytic phenotype, confirming the presence or absence of an RTX operon requires PCR or genomic sequencing (Angelos et al., 2003). In this study we evaluated the utility of MALDI-TOF MS biomarker models to accurately classify M. bovoculi strains regarding the presence or absence of an RTX operon among strains that had previously undergone whole genome sequencing and thus whose RTX operon status was known. Such a model would allow for an additional screening tool to characterize strains more likely to represent disease associated strains.

In addition to traditional tryptic soy agar (TSA) with 5% sheep blood agar culture conditions, we also compared biomarker model accuracies using three additional growth agar formulations to determine if agar formulation could improve model accuracy. The hemolytic activity of hemolysin produced by M. bovis has been shown to decrease when extracellular calcium is rendered unavailable (Clinkenbeard and Thiessen, 1991; Billson et al., 2000). Calcium has also been shown to promote efficient post translational modification and excretion of RTX toxins from the cell via the T1SS in Bordetella pertussis (Bumba et al., 2016). We hypothesized calcium may be a limiting factor in the production of RTX for M. bovoculi using the traditional culture conditions. Additionally, in the authors’ experience, Moraxella sp. isolated from cattle grow subjectively better on agar that utilizes bovine red blood cells vs traditional sheep’s blood agar.



Methods


Bacterial Strains

The 90 M. bovoculi strains used in this study had previously been identified to the species level using both PCR and MALDI-TOF MS techniques as previously described (Loy and Brodersen, 2014; Robbins et al., 2018). The strains also underwent whole genome sequencing which enabled characterization to the genotype level as well as the presence or absence of an RTX operon element (Dickey et al., 2018). Included were 45 genotype 1, RTX negative and 45 genotype 1, RTX positive strains obtained from a total of 18 different states within the US (Table 1). Hemolytic activity on blood agar containing 5% sheep blood was confirmed for all RTX positive strains and was absent in all RTX negative strains. All 90 strains were used in the models developed from TSA with 5% sheep erythrocytes and a subset of 70 strains were used in the models developed from TSA with 5% bovine erythrocytes.


Table 1 | The biomarker model group, RTX status, and state of origin for the 90 M. bovoculi strains used in this study.






Culture Conditions

From a library of frozen stocks, M. bovoculi strains were plated on either TSA(Becton, Dickinson & Company, Sparks, MD) with 5% sheep blood (Remel, Lenexa, KS) or TSA with 5% defibrinated bovine blood (Colorado Serum Company, Denver, CO). Additionally, the agars using bovine blood were supplemented with either 10% fetal bovine serum (Colorado Serum Company), 10 mmol/L CaCl2 (Fisher Scientific, Waltham, MA), or both. After the strains were plated they were incubated in 5% CO2 at 37° C for 24 hours prior to being passed once on the same agar formulation for an additional 24 hours prior to MALDI-TOF MS analysis.



MALDI-TOF MS

MALDI-TOF MS spectra were obtained for each of the strains listed in Table 1 according to the manufacturer’s recommendation using the formic acid-ethanol extraction method that has previously been described (Khot et al., 2012; Hille et al., 2020). Spectra were collected on a linear MALDI-TOF MS (Bruker microflex, Bruker Daltonik, Billerica, MA) using settings and calibrations as described previously (Hille et al., 2020). For the sheep’s blood media models, strains were spotted three times on the target plate and analyzed once for each spot well resulting in three spectra per strain. For the bovine blood models, the strains were spotted five times each and analyzed twice per well resulting in 10 spectra per strain. This yielded a total of 970 unique spectra being analyzed for this study.



Biomarker Models

ClinProTools 3.0 software (Bruker Daltonik) was used to analyze the spectra for the presence of RTX phenotype specific, discriminatory peaks. To develop biomarker models, three spectra classification algorithms were used that included support vector machine (SVM), genetic algorithm (GA), and quick classifier (QC) methods. M. bovoculi strains were randomly assigned to separate groups according to RTX status to develop the biomarker models which included model generation, model validation, and model classify groups (Table 1). Spectra from the model generation groups were input into ClinProTools 3.0 software (Bruker Daltonik) according to their known RTX status to develop the models. The model validation step used spectra that were input with the RTX status known to the software as a test of accuracy of the developed models. Finally, the classification step involved inputting spectra with RTX status unknown to the software and allowing the models to classify them. The accuracy of the models to classify spectra was then calculated manually based on individual spectra as well as using the majority classification from a strain’s spectra profile. When the study was expanded to assess different agar formulations, the number of isolates used in the model classification groups was reduced by 10 for each genotype to minimize the extra culture time and computational power required to do the study yet still allow for accuracy comparisons across all models. The isolates removed were chosen at random and resulted in a total of 70 isolates being used for the bovine blood agar portion of the study as opposed to the 90 isolates used in the sheep blood agar portion. When a model classified half of the spectra from a given strain as RTX – and half of the spectra as RTX +, this was counted as an incorrect classification by the model. Sensitivity, specificity, negative predictive value, and positive predictive value were also calculated manually using the genomic sequencing RTX classification as the gold standard.




Results


TSA + 5% Sheep Blood SVM Model

The SVM method proved the most accurate for this study overall and is the focus of the remainder of the paper. The parameters and accuracy of all models developed in this study across all culture conditions and biomarker model development methods are included as supplementary material (Supplementary Table 1). The SVM model developed using TSA + 5% sheep blood yielded individual spectra classification accuracies of 50.7% for RTX – strains and 66.6% for RTX + strains (Table 2). In terms of the presence or absence of RTX, these statistics would correlate to specificity and sensitivity, respectively, when interpreting the model result as a diagnostic assay. When all spectra for an individual strain were classified, and the majority model classification was used for the final strain phenotype interpretation, these accuracy values increased slightly to 52% for RTX -, and 68% for RTX + strains. This equates to a negative predictive value of 61.9% and a positive predictive value of 58.6% when using the majority classification.


Table 2 | Accuracy of SVM models developed in this study using TSA + 5% sheep blood and TSA + 5% bovine blood supplemented with CaCl2.





TSA + 5% Bovine Blood + 10 mmol CaCl2 SVM Model

We tested the same MALDI-TOF MS biomarker model development methods using strains grown on TSA + 5% bovine blood supplemented with either 10% fetal bovine serum (FBS), 10 mmol/L CaCl2, or both. The addition of CaCl2 alone to the bovine blood agar resulted in the most accurate model (Table 2). The two most common peaks incorporated into the models in this study had m/z values of at or very near 3971 and 7530 (Supplementary Table 1). Using these peaks, when we examine 2-dimensional plots within ClinProTools 3.0, the different culture conditions show more defined clustering and less overlap in the spectra of strains grown on bovine blood plates with CaCl2 when compared to those grown on the sheep blood plates (Figure 2). The models developed incorporating FBS are summarized in the Supplementary Material (Supplementary Table 1). Using the bovine blood agar and 10 mmol/L CaCl2, the specificity and sensitivity increased to 73.3% and 93.3% respectively (Table 2). Additionally, the negative predictive value and positive predictive value increased to 91.7% and 77.8% respectively. All the CaCl2 supplemented bovine blood plates displayed subjectively larger colonies with a more visually prominent zone of hemolysis suggesting either an overall increase in RTX production per bacterial cell, an increase in RTX hemolytic activity, an increase in cellular division, or a combination of the three (Figure 1). The most discriminatory peaks incorporated into the models in this study often had subtle differences between RTX groups that were not always easily discernible by visually examining the spectra alone, regardless of the agar formulation used (Figure 3).




Figure 1 | Representative backlit blood agar plates streaked with strain #57905 after 48 hours incubation in 5% CO2 at 37°C on TSA with 5% sheep blood (A) and TSA with 5% bovine blood and 10 mmol/L CaCl2 (B). Care was taken to ensure the thickness of the bovine blood agar within the petri dish was like that of the commercial sheep blood agar.






Figure 2 | ClinProTools 3.0 2-D plots incorporating the two most common and highest weighted peaks in the study. (A) M. bovoculi strains grown on TSA + 5% sheep blood. (B) M. bovoculi strains grown on TSA + 5% bovine blood with 10 mmol/L CaCl2. Red X: RTX – strains. Green circle: RTX + strains.






Figure 3 | Spectra of the two most discriminatory peaks 3971 m/z and 7530 m/z, compared between the sheep blood agar and bovine blood agar plus CaCl2 formulations. Red line: average RTX – spectra for the group of model classify strains. Green line: average RTX + spectra for the group of model classify strains.






Discussion

Here we have described a group of biomarker models developed using ClinProTools 3.0 software that are capable of correctly phenotyping most M. bovoculi genotype 1 strains for RTX. Across all models, the RTX phenotype specificity ranged from 26.7% - 86.7% while the sensitivity ranged from 46.7% - 93.3%. The most accurate model overall was the SVM model developed using strains grown on TSA + 5% bovine blood supplemented with 10 mmol/L CaCl2, which had a specificity and sensitivity of 73.3% and 93.3% respectively. Regardless of the biomarker model algorithm used, the usage of agar incorporating bovine blood and CaCl2 substantially outperformed sheep blood agar. Since secretion of RTX toxins utilizes a calcium-dependent T1SS, the extra calcium may result in an overall increase in RTX production, although confirming this would require more investigation and was outside the scope of this study. Additionally, mammalian erythrocytes vary in the composition of their membranes (de and Van Deenen, 1961), and the species of erythrocyte has shown to affect activity of other toxins (Bhakdi et al., 1984). This increase in hemolysis may increase nutrient or other factor availability that enhances model performance.

MALDI-TOF MS biomarker models often highlight discriminatory peaks between groups of spectra that are different enough in their m/z value that they can be discerned even without the use of computer models. For instance, within M. bovoculi a strong peak at 9057 m/z is specific for genotype 1 whereas a peak at 6550 m/z is specific for genotype 2 (Hille et al., 2020). Having strong discriminatory peaks such as these allows those without ClinProTools 3.0 software to differentiate groups by manually examining spectra. This was not the case for the current study and highlights the need for biomarker models and their algorithmic approach to analysis when spectra peak differences may be subtle between groups.

The SVM model developed in this study using bovine blood agar and CaCl2 provides an efficient method of RTX phenotyping for M. bovoculi without the need for PCR or genomic sequencing. A negative predictive value of 91.7% means that RTX – strains can be classified accordingly with acceptable accuracy. While the importance of RTX toxins in the pathogenesis of IBK is not fully known, they are regarded as likely important virulence factors and RTX + strains are overrepresented in cases of IBK (Angelos et al., 2007a; Dickey et al., 2018). The ability to classify RTX – strains in this manner may prove beneficial in the formulation of autogenous vaccines for IBK as this will allow vaccine manufacturers to eliminate any RTX – strains from consideration and include only strains that are more likely to represent disease associated, RTX + strains within the vaccine formulation. With hemolysis shown to be RTX mediated in M. bovis, an RTX phenotyping MALDI-TOF MS biomarker model for M. bovis analogous to the one described here for M. bovoculi, would provide the same utility for vaccine formulations that choose to include M. bovis. Developing an M. bovis model would benefit from a library of sequenced M. bovis isolates whose RTX status is defined, unless hemolytic activity alone was used to assume RTX status. Here, we focused solely on M. bovoculi given our in-house library of previously sequenced isolates in order to examine the biomarker phenotyping proof-of-concept since the known presence of RTX components allowed us to avoid using hemolysis alone to classify RTX presence. In addition to its relevance to IBK, this study also serves as a blueprint of methods and proof-of-concept for utilizing MALDI-TOF MS spectra and biomarker models to distinguish strains of bacteria based on their ability to produce secreted exotoxins. Such methods could prove beneficial in differentiating other bacterial pathogens of both humans and animals that possess secreted exotoxins as virulence factors. Beyond being a proof-of-concept, the methods described here also reduce the time required to classify a M. bovoculi isolate by RTX status based solely on hemolysis. The gross appearance of hemolysis is often not readily apparent until 48 hours of growth while the MALDI-TOF MS biomarkers models we developed here use colonies that were grown for only 24 hours.

A major limitation for this study is the inability to assure only a single variable, in this case RTX presence or absence, differentiates the groups of isolates. It is possible that some of the peaks incorporated into the models developed here represent isolate components unrelated to RTX itself. We have mitigated the likelihood of this limitation affecting the overall study interpretation by: 1) utilizing only genotype 1 strains for the entire study, and 2) incorporating a large number of isolates and spectra within each group, and 3) utilizing geographically diverse populations of isolates for both RTX status groups.
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The occurrence of multidrug-resistant Candida auris isolates and the increased mortality associated with invasive infections or outbreaks due to this Candida species have been reported in many healthcare settings. Therefore, accurate and rapid identification at the species level of clinical C. auris isolates as well as their timely differentiation as susceptible or resistant to antifungal drugs is mandatory. Aims of the present study were to implement the MALDI-TOF mass spectrometry (MS) Bruker Daltonics Biotyper® database with C. auris spectrum profiles and to develop a fast and reproducible MS assay for detecting anidulafungin (AFG) resistance in C. auris isolates. After creation of main C. auris spectra, a score-oriented dendrogram was generated from hierarchical cluster analysis, including spectra of isolates from C. auris and other Candida (C. glabrata, C. guilliermondii, C. haemulonii, C. lusitaniae, and C. parapsilosis) or non-Candida (Rhodotorula glutinis) species. Cluster analysis allowed to group and classify the isolates according to their species designation. Then, a three-hour incubation antifungal susceptibility testing (AFST) assay was developed. Spectra obtained at null, intermediate, or maximum AFG concentrations were used to create composite correlation index matrices for eighteen C. auris isolates included in the study. All six resistant C. auris isolates were detected as resistant whereas 11 of 12 susceptible C. auris isolates were detected as susceptible by the MS-AFST assay. In conclusion, our MS-based assay offers the possibility of rapidly diagnosing and appropriately treating patients with C. auris infection.




Keywords: Candida auris, 3-hour MS-AFST, multidrug resistance, anidulafungin, new emerging pathogen, rapid identification and susceptibility testing



Introduction

The fungal pathogen Candida auris has emerged over a decade ago in East Asia and, since then, multidrug-resistant C. auris isolates causing nosocomial outbreaks have been isolated in many countries worldwide (Du et al., 2020). This is alarming because bloodstream infections caused by C. auris have been associated with a 30 to 60% rate of infection-related mortality (Chowdhary et al., 2017). To cope with the healthcare issues arisen from this emerging pathogen, species-level identification of C. auris isolates and their differentiation as susceptible or resistant to the commonly used antifungals agents became mandatory. However, biochemical/enzymatic identification methods are time-consuming and, in the beginning, misidentified C. auris (Kathuria et al., 2015); whereas MALDI-TOF mass spectrometry (MS) based identification was not optimal (Buil et al., 2019) until when MALDI-TOF MS databases were enriched with C. auris specific mass spectrum profiles (Girard et al., 2016; Bao et al., 2018). Of course, molecular methods such as C. auris colony-specific PCR and DNA sequencing (Kordalewska et al., 2017; Valentin et al., 2018) are efficient but less rapid than those based on the MALDI-TOF MS analysis.

While defined CLSI or EUCAST minimum inhibitory concentration (MIC) breakpoints for C. auris susceptibility are unavailable to date (Kordalewska and Perlin, 2019), tentative MIC breakpoints have been proposed (Lockhart et al., 2017). Nonetheless, 99% of C. auris isolates studied by Arendrup et al. had high MIC values to fluconazole while occasionally retaining full susceptibility to other triazole antifungal agents (Arendrup et al., 2017). Regarding echinocandins or amphotericin B, resistance rates are variable, being 7% and 10 to 35%, respectively, whereas acquired resistance to echinocandins has been associated with the presence of S639F orS639P mutations in the glucan-synthase encoding gene FKS1, which is the target of echinocandins (Kordalewska et al., 2018). While echinocandins are regarded as first-line treatment for C. auris infections, echinocandin-resistant isolates of C. auris may occur in patients during antifungal treatment (Park et al., 2019; Novak et al., 2020), calling for repeated susceptibility testing in order to monitor possible therapeutic failures.

Consistent with these observations, we implemented the MALDI Biotyper® database (Bruker Daltonics, Bremen, Germany) with mass spectrum profiles from C. auris isolates, and we developed a fast and reproducible MALDI-TOF MS based assay to detect resistance to the echinocandin anidulafungin in C. auris isolates.



Materials and Methods


Study Isolates

The C. auris isolates used in this study were clinical clade I isolates that are part of a collection at the Centre of Expertise in Mycology, Nijmegen, The Netherlands. Additionally, a single C. auris isolate that was derived from the first diagnosed case of candidemia in Central Italy was also studied. In total, eight isolates that were confirmed to be C. auris by PCR and sequencing of the ribosomal DNA internal transcribed spacer (ITS) region were submitted to protein extraction according to a previously developed MALDI-TOF MS protocol (De Carolis et al., 2014). Briefly, yeast cells were suspended in 10% formic acid and then vortexed; one µL of lysate was placed on the MALDI target plate to obtain 12 technical replicates, which were overlaid each with one µL of absolute ethanol before allowing co-crystallization with the α-cyano-4-hydroxycinnamic acid matrix (Bruker Daltonics). A total of ≥5000 laser shots were used to generate a main spectrum profile (MSP) for each isolate, which was then added to the Bruker MALDI Biotyper® database. Isolates were also submitted to antifungal susceptibility testing (AFST), which was performed using a MALDI-TOF MS based assay (see below).



MALDI-TOF MS Identification Analysis

The MALDI-TOF MS analysis on C. auris isolates was undertaken with a Microflex LT mass spectrometer, by which spectra were recorded in the positive linear mode within a 2000–20000 Da range. A bacterial test standard (BTS255343; Bruker Daltonics) was used for the instrument calibration. Preliminarily, the Bruker Biotyper® database (version 7.0; 7311 entries), which contains only three MSP profiles of C. auris, did not allow reliable identification (i.e., log(score) values were lower than 2.0, which is the manufacturer-recommended cutoff level for MALDI-TOF MS species-level identification) of the isolates included in the study. Then, MSP profiles from the isolates were obtained and added to the Bruker Biotyper® database—this resulted into an extended MALDI database—following Bruker Daltonics standard operating procedures (https://spectra.folkhalsomyndigheten.se). Accordingly, isolates’ protein extracts were prepared submitting each isolate—which grew on Sabouraud dextrose agar for 48 h at 37°C—to the aforementioned fast formic-acid extraction procedure. High-quality mass spectra from different spots for each isolate were analyzed by the MALDI BioTyper® software, and used to create a MSP for each isolate. After MSP creation, using the integrated statistical tool Matlab 7.1 (The MathWorks Inc.; Natick, MA, USA), a hierarchical cluster analysis was performed to generate a score-oriented dendrogram, which included MSP profiles from C. auris isolates together with those from isolates of other Candida (C. glabrata, C. guilliermondii, C. haemulonii, C. lusitaniae, and C. parapsilosis) or non-Candida (Rhodotorula glutinis) species.

Then, mass spectrum profiles from 18 challenge isolates were analyzed in duplicate, automatically acquired, and matched against those of the extended MALDI database to allow species-level identification, for which the highest log(score) value from any match was reported. Finally, the challenge isolates were matched against an updated Bruker Biotyper® database (version 9.0; which includes nine C. auris isolates), as well as against the Bruker-CDC merged MicrobeNet database (version 9978; https://microbenet.cdc.gov/).



MALDI-TOF MS Antifungal-Resistance Detection Analysis

According to our previous studies (De Carolis et al., 2012; Vella et al., 2013; Vella et al., 2017), selected C. auris isolates were exposed to serial AFG concentrations (i.e., ranging from 0.06 to 512 μg/mL) and to a null concentration (0 μg/mL) for 3 h at 37°C. The spectrum obtained at each concentration was matched against those at the two extreme concentrations, i.e., null (0 μg/mL) and maximum (512 μg/mL), respectively. Values resulting from the composite correlation index (CCI) matrices derived from the spectra indicated a clear diversity between the spectra when values were near 0 and high similarity between the spectra when values were around 1. These experiments allowed to find a breakpoint AFG concentration, which was used in a subsequent assay. For each isolate, two technical and three biological replicates were analyzed for both the preliminary experiments and the assays illustrated below. Briefly, C. auris cells (1 × 107 CFU/mL, as determined by cell counting) were exposed to AFG concentrations of 64 μg/mL (maximum), 0.06 μg/mL (breakpoint), and 0 μg/mL (null) for 3 hours at 37°C under agitation (300 rpm) in RPMI-1640 medium (supplemented with L-glutamine and sodium bicarbonate; R8758; Merck, Rome, Italy). Cells were centrifuged and the pellet washed twice with deionized water before the resuspension in 10% formic acid. The C. auris isolates profiles obtained at null, intermediate, or maximum AFG concentrations were used to create CCI matrices within the range 3000–8000 Da (15 intervals) using the MALDI Biotyper 3.1 software (De Carolis et al., 2012).

As previously reported, we matched each “breakpoint” spectrum against the spectrum at the maximum concentration or the spectrum at the null concentration of AFG. Then, isolates were classified as susceptible or resistant to AFG when the CCI value obtained matching the breakpoint spectrum with the “maximum” spectrum was higher or lower than the spectrum obtained matching the breakpoint spectrum with the “null” spectrum, respectively. The CCI ratios were calculated dividing the CCImax by the CCInull, and a C. auris isolate was categorized as susceptible if the CCImax/CCInull ratio was >1 or as resistant if the CCImax/CCInull ratio was <1. Results of the mass spectrometry AFST (MS-AFST) were compared with the MIC values obtained using the commercial AFST method Sensititre YeastOne (Thermo Scientific, Italy), which was an adaptation of the CLSI M27-A3 broth microdilution standard (CLSI, 2008). The tentative MIC breakpoints (expressed as µg/mL) above mentioned were used as criteria to interpret AFST results.




Results and Discussion

As of November 2019, we identified in our hospital a bloodstream infection due to C. auris, which represented the first case of invasive C. auris infection detected in Central Italy where the hospital is located. Ad hoc extending the MALDI Bruker Biotyper® database version 7.1 with MSPs from C. auris isolates enabled us to identify the bloodstream Candida pathogen as C. auris, which yielded a MALDI log(score) of 2.230. Using the extended database as well as the Bruker-CDC merged database (data not shown), we were able to obtain reliable species-level identification (log(score) values, >2.0) for 18 C. auris isolates from clade I. Particularly for C. auris, phenotypic identification methods such as VITEK 2 YST, API 20C, or BD Phoenix systems as well as the fully automated MicroScan system fail to provide accurate identification at the species level. As shown in this and in other studies (Delavy et al., 2019), older versions of commercially available MALDI-TOF MS databases proved to be unable to identify C. auris. To corroborate our findings, we investigated the relatedness among 20 MSPs obtained from eight isolates of C. auris and two isolates each of C. glabrata, C. guilliermondii, C. haemulonii, C. lusitaniae, C. parapsilosis, and Rhodotorula glutinis. Figure 1 shows the score-oriented dendrogram resulting from the hierarchical cluster analysis used for this investigation. Based on correlation distance values, all the C. auris isolates grouped in a separate branch of the dendrogram according to their species designation.




Figure 1 | Dendrogram created with the MSPs from eight isolates of C. auris and from two isolates each of C. glabrata, C. guilliermondii, C. haemulonii, C. lusitaniae, C. parapsilosis, and Rhodotorula glutinis. The distance values are normalized to the maximum value of 1000.



In parallel, we investigated the capability of an MS-AFST assay to detect susceptibility or resistance phenotypes for 18 C. auris isolates exposed to 64 μg/mL, 0.06 μg/mL, or 0 μg/mL concentrations of AFG, respectively, for three hours at 37°C (Figure 2). Although MALDI-TOF MS-based AFST assays have already been developed for several antifungal drugs and Candida species, including C. auris (Delavy et al., 2019; Vatanshenassan et al., 2019), we defined the optimal AFG concentrations for use with C. auris. Details of our MS-AFST assay are shown in Figure 3, where the relationship between C. auris mass spectra acquired at the indicated AFG concentrations was visualized in a matrix (heat map) of CCI values and the relative MALDI-TOF MS profiles are reported for a susceptible and resistant C. auris isolate.




Figure 2 | MS-AFST assay for resistance detection in C. auris. Shown is the workflow that includes an incubation with AFG at 37°C for 3 hours, followed by a generation of mass spectrum profiles that are visualized in a CCI matrix (heat map).






Figure 3 | Raw mass spectra of susceptible (n = 1) and resistant (n = 1) C. auris isolates incubated at the null, maximum, or breakpoint concentration of AFG. In the heat map, hot colors denote similar spectra whereas cold colors denote dissimilar spectra. CCI values are reported accordingly.



According to MIC interpretive criteria, C. auris isolates were identified as susceptible or resistant to AFG, respectively. As shown in Table 1, we found that the MS-AFST assay correctly classified 6 (100%) of 6 resistant isolates and 11 (91.7%) of 12 susceptible isolates, as determined by the Sensititre YeastOne (herein used as the reference method) and published tentative echinocandin breakpoints (Lockhart et al., 2017). Note that one C. auris isolate that had an intermediate AFG susceptibility (MIC value, 1 µg/mL) was classified as resistant by the AFST-MS assay. Although C. auris isolates displaying a wild-type FKS1 hot spot 1 (HS1) genotype are relatively frequent (Chowdhary et al., 2018), we noted that two of six resistant isolates (with elevated AFG MICs) harbored the S639F mutation in the FKS1 HS1 region. Very recently, Sharma et al. (2020) investigated a possible role for upregulated chitin or cell-wall stress response genes in echinocandin-resistant and -intermediate C. auris isolates. Despite being beyond the study’s scope, it would have been interesting to investigate whether the C. auris isolate showing intermediate susceptibility by the Sensititre YeastOne method but resistance with the MS-AFST assay could have any altered expression in specific genes related to AFG-susceptible or -resistant phenotypes. Conversely, we did not exclude the hypothesis that an additional single-nucleotide polymorphism (i.e., outside HS1 region) might have attenuated the otherwise resistant phenotype in that isolate.


Table 1 | MS-AFST categorization of wild-type (WT) or non-WT C. auris isolates tested against anidulafungin.




Our study has some limitations. The data set is somewhat limited not only by the size—which is understandable considering that C. auris is not a ubiquitous pathogen—but also by the geographic restriction—which is understandable considering that C. auris isolates used by us represented clade I. Thus, it is not surprising that our isolates gave MALDI-TOF MS identification (log)scores of <2.0 when challenged with the Bruker Biotyper® database containing three isolates (version 7.0) or nine isolates (version 9.0). Likewise, it is not surprising that extending the Bruker Biotyper® database with the MSPs from eight C. auris isolates, which had the same geographic origin as those being challenged, resulted in higher (log)scores—three C. auris isolates in the database version 7.0 were from Korea or Japan. Additionally, we generated MSPs from C. auris isolates using the same formic-acid based extraction method as that used to prepare mass spectra from the isolates being identified. Taken together, our experimental situation was such that we did not consider to lower MALDI-TOF MS (log)scores below 2.0 (i.e., to ≥1.7) for species-level identification, which is instead the strategy applied in many laboratories that perform identifications for Candida, Aspergillus, or difficult-to-identify bacteria. Particularly for filamentous fungi including Aspergillus, this strategy was shown to significantly increase the rate of accurate species-level identifications while not increasing the number of misidentifications even when cryptic Aspergillus species were tested (Wilkendorf et al., 2020).

Our study adds support to the successfully applied CCI-based proteomic approaches for antifungal resistance detection in Candida species, which offer the advantage to considerably reduce the time to result (three hours in our study) compared with conventional AFST methods (Delavy et al., 2019; Roberto et al., 2020). In addition to being a cost-effective method (few euro-cents per run), our MS-AFST assay differs from the growth-based MALDI Biotyper antibiotic (antifungal) susceptibility test rapid assay (MBT-ASTRA) recently developed for rapid detection of AFG-resistant C. glabrata and C. auris isolates (Vatanshenassan et al., 2018; Vatanshenassan et al., 2019). In particular, our assay can be even successful with poorly growing isolates, thereby avoiding the need to set an isolate-dependent growth cutoff. However, further studies are necessary to ascertain the usefulness of MALDI-TOF MS based assays for the management of outbreaks sustained by multidrug-resistant C. auris isolates in the hospital setting.
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Background

An accurate and timely identification of bacterial species is critical in clinical diagnostics. Species identification allows a potential first adaptation of empiric antibiotic treatments before the resistance profile is available. Matrix assisted Laser Desorption Ionization Time of Flight mass spectrometry (MALDI-TOF MS) is a widely used method for bacterial species identification. However, important challenges in species identification remain. These arise from (i) incomplete databases, (ii) close relatedness of species of interest, and (iii) spectral quality, which is currently vaguely defined.



Methods

We selected 47 clinically relevant bacterial isolates from 39 species, which can be challenging to identify by MALDI-TOF MS. We measured these isolates under various analytical conditions on two MALDI-TOF MS systems. First, we identified spectral features, which were associated with correct species identification in three different databases. Considering these features, we then systematically compared spectra produced with three different sample preparation protocols. In addition, we varied quantities of bacterial colony material applied and bacterial colony age.



Results

We identified (i) the number of ribosomal marker peaks detected, (ii) the median relative intensity of ribosomal marker peaks, (iii) the sum of the intensity of all detected peaks, (iv) a high measurement precision, and (v) reproducibility of peaks to act as good proxies of spectral quality. We found that using formic acid, measuring bacterial colonies at a young age, and frequently calibrating the MALDI-TOF MS device increase mass spectral quality. We further observed significant differences in spectral quality between different bacterial taxa and optimal measurement conditions vary per taxon.



Conclusion

We identified and applied quality measures for MALDI-TOF MS and optimized spectral quality in routine settings. Phylogenetic marker peaks can be reproducibly detected and provide an increased resolution and the ability to distinguish between challenging species such as those within the Enterobacter cloacae complex, Burkholderia cepacia complex, or viridans streptococci.





Keywords: MALDI-TOF mass spectrometry, quality control, standardisation, species identification, microbial diagnostics



Introduction

Matrix assisted Laser Desorption Ionization Time of Flight mass spectrometry (MALDI-TOF MS) has revolutionised microbial diagnostics. Due to its minimal hands-on and turnaround time, low costs, and high accuracy it has become the method of choice for bacterial species identification in clinical diagnostics (Angeletti and Ciccozzi, 2019; Rodríguez-Sánchez et al., 2019). Multiple studies have highlighted the potential of MALDI-TOF MS to identify virulent or resistant bacterial sub-lineages within a species (Wolters et al., 2011; Christner et al., 2014). Despite these potential applications, important challenges remain for routine diagnostics, such as the inability to properly differentiate clinically relevant taxonomic groups, such as the species within the Burkholderia cepacia complex (Fehlberg et al., 2013), the K. pneumoniae complex (Dinkelacker et al., 2018) or viridans streptococci (Angeletti et al., 2015). Challenges in species identification arise from (i) incomplete databases, (ii) close relatedness of the bacterial species of interest, and (iii) poor spectral quality.

Species identification through commonly used MALDI-TOF MS systems is based on the comparison of unknown spectra to reference spectra databases through pattern matching. MALDI-TOF mass spectra consist of peaks from highly abundant, intracellular proteins including ribosomal subunit proteins, which are present in high copy numbers in replicating bacterial cells (Fenselau and Demirev, 2001; Ryzhov and Fenselau, 2001). With the abundance of bacterial whole genome sequences, reference databases comprising predicted ribosomal subunit masses have become an alternative to pattern based microbial identification in MALDI-TOF MS. The mass of ribosomal subunits can be directly calculated from genomic sequences, as they are relatively conserved and rarely post-translationally modified. Their potential to serve as MALDI-TOF MS biomarkers has been applied to clinically relevant phylogenetic groups (Hotta et al., 2010; Ziegler et al., 2015; Rothen et al., 2019), and multiple databases using marker masses predicted from genomic data are now available (Kassim et al., 2017; Ojima-Kato et al., 2017; Tomachewski et al., 2018). A ribosomal marker based approach has successfully been applied to distinguish between subspecies and clonal complexes within species such as Streptococcus agalactiae and Escherichia coli (Matsumura et al., 2014; Lafolie et al., 2015; Rothen et al., 2019).

When MALDI-TOF MS was first applied for microbial species identification (Anhalt and Fenselau, 1975) and in its first years in routine diagnostics, samples were processed using a protein extraction protocol (Patel, 2015). However, as high accuracies in species identification have been reported using a much simpler procedure, applying bacterial colonies directly onto the MALDI-TOF MS target plate has become the standard sample preparation protocol in routine diagnostics (Bizzini et al., 2010; van Veen et al., 2010). Although the Clinical and Laboratory Standard Institute (Pennsylvania, USA) has published a guideline on bacterial identification by MALDI-TOF MS (Branda et al., 2017), the definition criteria of spectral quality remain vague. Many diagnostic laboratories have developed their own Standard Operating Procedures for sample preparation and interpretation of species identification by MALDI-TOF MS. Currently it is already well established that MALDI-TOF mass spectral quality is influenced by the amount of bacterial colony material added to the target plate, the age of the bacterial colony, as well as the sample preparation protocol used (Alatoom et al., 2011; Croxatto et al., 2012; Veloo et al., 2014). However, there is a clear lack of an optimal and standardised sample preparation and data analysis workflow. Criteria defining the spectral quality will help to compare differences in preparation and analytical workflows. Closing this gap will substantially increase the reproducible detection of phylogenetic marker peaks in MALDI-TOF mass spectra acquired and thereby improve species identification in routine diagnostics.

The purpose of this study is to (i) identify quantitative spectral features suitable to define spectral quality, (ii) compare the influence of sample preparation protocols for bacterial identification by MALDI-TOF MS, and (iii) raise awareness for the potential of an increased resolution of MALDI-TOF MS for subtyping and associated limitations.

We have selected 47 clinically relevant bacterial isolates from 39 species and measured these under various conditions on two different MALDI-TOF MS systems. First, we identified spectral features, which positively correlate with correct species identification. Considering these, we systematically compared spectral quality produced with different sample protocols, with varying amounts of bacterial colony material applied, and with varying bacterial colony age.



Materials and Methods


Bacterial Isolates

We selected 47 clinically relevant bacterial isolates from public and in-house strain collections. The included 39 species can be challenging to identify using MALDI-TOF MS, either because intracellular proteins cannot be ionised easily due to cell wall composition (e.g. Corynebacterium spp.), or because of their close relatedness to another bacterial species (e.g. Klebsiella oxytoca/Klebsiella michiganensis; Shigella/Escherichia coli).

The bacterial isolates were assigned to 8 phylogenetic groups (Table 1). For the strains in each group, we expect both comparable spectral features (e.g. total number of peaks detected) and lysis characteristics, respectively. For the evaluation of species identification, the group ‘Streptococcus’ was further split up into ‘viridans streptococci’ and ‘other streptococci’ as the former group are of special interest in clinical routine diagnostics.


Table 1 | Strains included in this study.





Whole Genome Sequencing

Isolates were grown on Columbia 5% Sheep Blood Agar (bioMérieux, Marcy-l’Étoile, France) and DNA was extracted using the QIACube with the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany). After quality control of the DNA by Tapestation (Agilent, Santa Clara, USA), tagmentation libraries were generated as described by the manufacturer (Nextera Flex kit, Illumina, San Diego, USA). The genomes were sequenced under 24x multiplexing using a paired end 150 base pairs V3 reaction kit on an Illumina NextSeq500 instrument (Illumina) reaching an average coverage of approximately 60-fold for all isolates. The resulting raw reads were and assembled using Spades (v3.13) (Bankevich et al., 2012) via Unicycler (v0.3.0b) (Wick et al., 2017) using default settings. All accession numbers can be found in Table 1. Species identification of all strains was performed by comparing genomic sequences to bacterial type strains using Average Nucleotide Identity (ANIm) (Richter and Rosselló-Móra, 2009) and via the TrueBac ID database (Ha et al., 2019). For strains of the genus Bordetella we used ribosomal Multi-Locus Sequence Typing for additional confirmation of the species identity (Jolley et al., 2012).



In Silico Prediction of Ribosomal Subunit Protein Masses From WGS Data

The molecular weight of 56 ribosomal subunits were predicted as previously described (Ziegler et al., 2015; Rothen et al., 2019). Briefly, tblastn (v 2.2.31+) was used to extract the amino acid sequences of 56 ribosomal subunits from whole genome assemblies. The most frequent post translational modifications (Arnold and Reilly, 1999), specifically N-terminal methionine loss (Frottin et al., 2006) and methylation, were considered for subsequent prediction of the monoisotopic molecular weights of the ribosomal subunit proteins. For the ribosomal subunit protein L33, we added 15 Daltons to the predicted molecular weight for the genera Enterobacter, Escherichia, Shigella, Klebsiella and Pasteurella, accounting for a single methylation of these proteins.



Spectra Quality Variables

All scripts used in the course of this study can be accessed via GitHub (https://github.com/appliedmicrobiologyresearch/MALDI-TOF-mass-spectral-quality-study).

We queried each spectrum for the following features: (i) number of peaks, (ii) peak with the highest m/z value, (iii) m/z value of the peak at the 90th percentile, (iv) fraction of peaks with a m/z value > 10,000, and (v) sum of the intensity of all detected peaks. As the highest peak often corresponds to technical artefacts, we included the m/z value of the peak at the 90th percentile for further analysis.

Furthermore, we queried each spectrum for the presence and intensity of ribosomal marker peaks predicted from the genomic sequence of the respective strain using an 800 ppm error range. If multiple peaks were detected in this error range, the one with the highest intensity and lower measurement error was considered for further analysis. Bacterial strains encode variable number of ribosomal markers in the mass range of 2,000–20,000 Da. We therefore normalised the number of detected marker peaks by dividing through the number of predicted ribosomal marker peaks in the MALDI-TOF MS mass range, when comparing between the bacterial taxa.

To quantify the measurement error, we calculated the mean distance between predicted and detected m/z value of ribosomal marker peaks for each spectrum. In order to estimate reproducibility, we calculated the ‘fraction of reproducibly detected peaks’. We defined this as the number of peaks, which were detected in at least three out of four technical replicates using a bin size of 800 ppm, divided by the number of peaks in each spectrum. A more detailed and graphical explanation of the MALDI-TOF mass spectral features analysed in this study can be found in Supplementary Methods 1.

Further, we evaluate which of the above MALDI-TOF mass spectral features are good proxies for spectra quality and are associated with a correct species identification. We compared spectra for which the correct species was identified to spectra where the correct species could not be identified. Spectra for which the correct species could not be identified included spectra with wrong species being identified and spectra for which no species identification was possible. Henceforward, we will refer to these collectively as ‘incorrectly identified spectra’. We performed this analysis exclusively on species which are covered by all three databases included in this study (Supplementary Table S1) and excluded empty spectra.

In order to assess how spectra quality impacts species identification accuracy, we included spectra acquired using the ‘direct smear’, the ‘25% formic acid (FA) overlay’ or the ‘simple protein extraction’ method (see section ‘Variation of sample preparation’ for details) of the Enterobacter cloacae complex (Enterobacter hormaechei, Enterobacter asburiae and Enterobacter ludwigii), the Burkholderia cepacia complex (Burkholderia contaminans, Burkholderia multivorans and Burkholderia cenocepacia), and viridans streptococci (Streptococcus pneumoniae and Streptococcus pseudopneumoniae). We assigned these spectra to three intensity levels, by dividing the sum of the intensities of all detected peaks in three equal parts per group.



MALDI-TOF MS Spectra Acquisition

All MALDI-TOF mass spectra acquired for this study can be accessed via the Open Science Foundation (https://osf.io/ksz7r/). The bacterial isolates were cultured from Microbank™ freezing beads (Pro-lab Diagnostics, Toronto, Canada) onto 5% Sheep Blood agar plates (bioMérieux, Marcy-l’Étoile, France) and subcultured before MALDI-TOF mass spectra acquisition. Strains were incubated under aerobic conditions at 37°C except for strains of the species Bacterioides fragilis, Actinomyces israelii, and Winkia neuii, which were incubated under anaerobic conditions using a whitley A95 anaerobic workstation (Don Whitley Scientific Limited, Bingley, United Kingdom). Strains of the species Streptococcus pneumoniae, Bordetella pertussis, and Bordetella parapertussis were incubated under 5% enriched CO2 conditions. All mass spectra were acquired on reusable steel target plates [MBT Biotarget 96 (Bruker Daltonics, Bremen, Germany) and steel target plates (Industrietechnik mab AG, Basel, Switzerland)].



Variation of Sample Preparation

We cultured the bacterial strains as described above. We prepared the strains under three different short protocols, all of which are frequently used in microbial diagnostics: (i) ‘Direct smear’ method: using a plastic inoculation needle, we transferred bacterial colonies onto a steel target plate and overlaid each spot with 1 µl α-Cyano-4-hydroxycinnamic (CHAC) matrix (Sigma-Aldrich, St. Louis, USA) and left it to air dry completely before MALDI-TOF MS measurements. (ii) ‘25% FA overlay’: using a plastic inoculation needle, we transferred bacterial colonies onto a steel target plate and overlaid each spot with 1 µl of 25% formic acid (Sigma-Aldrich, St. Louis, USA) and left it to air dry completely before applying 1 µl of CHAC matrix onto each spot. The target plates were left to air dry completely before MALDI-TOF MS measurements. (iii) ‘Simple protein extraction’: we transferred a heaped 1 µl inoculation loop of bacterial colony material into 1 ml PBS, rigorously vortexed, and centrifuged for 5 min at 17,000 x g. We removed the supernatant and added 30 µl 70% formic acid and dissolved the pellet by pipetting up and down. 30 µl acetonitrile (Sigma-Aldrich, St. Louis, USA) were added and the mixture was vortexed before centrifuging for 5 minutes at 17,000 x g. Next, 5 µl of the supernatant were mixed with 25 µl of CHAC matrix before spotting onto the steel target plate.

We performed measurements as quadruplicate on a Bruker microflex LT/LS ‘smart’ (Bruker Daltonics, Bremen, Germany) and a Shimadzu Axima Confidence (Shimadzu, Kyoto, Japan) MALDI-TOF MS device as technical replicates and repeated on three different days with fresh subcultures as biological replicates.



Variation of Bacterial Colony Age

We grew the strains over 1, 2, 3, 4, 5 or 6 nights before preparing them for measurement using the ‘25% FA overlay’ method described above. Each overnight culture corresponds to 18 - 24 hours of incubation time. We performed measurements as quadruplicate on a Bruker microflex LT/LS ‘smart’ and a Shimadzu Axima Confidence MALDI-TOF MS device.



Variation of Bacterial Colony Material Quantity

The amount of bacteria transferred onto the MALDI-TOF MS steel target plate has been shown to impact spectral quality (Branda et al., 2017). The direct transfer of bacteria onto a steel target plate is difficult to standardise. We therefore decided to measure bacterial suspensions at different dilutions to assess the impact of the amount of bacterial colony material measured on mass spectral quality. We randomly selected the following two strains per phylogenetic group for this experiment: Enterobacteriaceae: #07, #08; Listeria: #09, #10; Burkholderia: #17, #19; Bordetella: #21, #23; Streptococcus: #26, #27; Staphylococcus: #39, #40; Actinobacteria: #45, #46; Gram negative anaerobes: #33, #34.

We transferred a heaped 1 µl inoculation loop of bacterial colony material into 200 µl of TMA (1x) buffer (Sigma-Aldrich, St. Louis, USA). Next, 5 µl of the bacterial mixture was diluted in 25 µl of CHAC matrix (1:5 dilution) and spotted onto the target plates. 5 µl of the suspension were transferred into a new tube containing 25 µl CHAC matrix (1:25 dilution). We continued the serial dilution up to a factor of 1:15,625. As the majority of measurements with 1:3,125 and 1:15,625 dilutions yielded empty spectra, these were excluded from further analysis. We measured quadruplicates on two MALDI-TOF MS devices as technical replicates and repeated on three different days as biological replicates.



Variation of Time After Calibration to Assess the Impact on Measurement Precision

We performed the measurements on two microflex biotyper devices (LH/LS and LH/LS ‘smart’). Both devices were calibrated using the Bacterial Test Standard (BTS, Part.-Nr. 8255343, Bruker Daltonics, Bremen, Germany) and steel target plates (Bruker Daltonics, Bremen, Germany).

We used an E. coli strain from our strain collection (E. coli 805237-12) for these measurements as strains of this species generally yield rich spectra using routine sample preparation. We transferred bacteria onto a steel target plate, overlaid with 1 µl 70% FA, left to air dry completely before applying 1 µl CHAC matrix. Each measurement was performed in quadruplicate on two different target plates and MALDI-TOF MS devices as technical replicates and repeated by picking three different colonies as biological replicates. Spectra were acquired on days 1-7 after calibration on the same target plate which was used for calibration. BTS was measured on the row A of the target plate, measurements on day 1-7 after calibration were measured on rows B, C, D, E, F, G and H, respectively. Both MALDI-TOF MS devices where used for microbial species identification in routine diagnostics over the duration of this experiment with a median of 39 (Interquartile range (IQR): [32, 51]) and 137 (IQR: [123, 173]) of routine measurements per day on the microflex biotyper LH/LS and the microflex biotyper LH/LS ‘smart’, respectively.



MALDI-TOF MS Spectra Processing

In order to be most comparable to spectra acquired and processed in microbial routine diagnostic, we picked the peaks using default settings by the softwares included in the microflex Biotyper or the Axima Confidence system. Spectra acquired on microflex Biotyper devices were exported as ‘fid’ files and peak picking was performed in the flexAnalyses software (v3.4) and exported as ‘.txt’ files. Spectra acquired on the Axima Confidence devices were exported as ‘.mzXml’ files. These do already exclusively contain m/z values and intensities of picked peaks and were converted to ‘.txt’ files. We subsequently exclusively worked with the intensity and m/z value of these picked peaks, and did not consider further peak characteristics such as the resolution or the signal to noise ratio of a peak.

We excluded spectra as contaminations for which the identified genus did not match the genus identified by ANIm. Strain 17 and strain 20 are missing in one out of three repetitions of the ‘simple protein extraction’ protocol, strain 32 is missing from day 6 of the and of strain 46 only three technical replicates were acquired on the Axima Confidence device using the ‘direct smear’ method.



Species Identification

Each spectrum acquired on a Bruker device was compared to the MALDI Biotyper database (MALDI Biotyper Compass Library, Revision E (Vers. 8.0, 7854 MSP, RUO)) included in the flexControl Software v3 (Bruker Daltonics, Bremen, Germany). Spectra acquired on the Axima Confidence device were analyzed with the VitekMS database (bioMérieux, Marcy-l’Étoile, France) (v3.2). Furthermore, we compared each spectrum to a ribosomal marker based database (PAPMID™ (Kassim et al., 2017), Mabritec AG, Riehen, Switzerland). In this study, we used this marker based approach as a subtyping module and each spectrum was compared only to a subset of bacterial species. Spectra of the species Escherichia coli, Shigella flexneri, Shigella sonnei, Streptococcus gordonii, Streptococcus gallolyticus, Streptococcus lutetiensis, Streptococcus equinus, Streptococcus dysgalactiae, Corynebacterium amycolatum, Corynebacterium urealyticum, Gardnerella vaginalis, Winkia neuii, Actinomyces israelii, Pasteurella multocida, and Bacteroides fragilis were compared to databases including mass profiles of the respective bacterial family. Spectra of the closely related Klebsiella spp., Enterobacter cloacae complex, Listeria spp., Burkholderia cepacia complex, Bordetella spp., Staphylococcus aureus complex, and viridans streptococci were identified using marker based subtyping modules exclusively including the species of the respective phylogenetic complex. Henceforward, species identification by these subtyping modules and using PAPMID™ database, both based on the detection of ribosomal marker peaks will be referred to as PAPMID™.

The MALDI Biotyper system classifies species identification according to log scores: mass spectra yielding a log score above 2.0 are assigned the label ‘highly confidence identification’, whereas spectra with a log score between 1.7 and 2.0 are assigned ‘low confidence identification’. Spectra with a log score lower than 1.7 are assigned ‘no organism identification possible’. For each spectrum with a log score above 1.7, we evaluated whether the species assigned by the MALDI Biotyper database corresponds to the true species identity determined by whole genome sequence analysis and ANIm. For species with a log score ≥ 2.0 we furthermore evaluated, how many species were assigned a log score ≥2.0.

Similar to the MALDI Biotyper database, the VitekMS database assigns scores to each species classification. Furthermore, each species identification is assigned a Confidence level [%] and a Type of identification, which is either ‘Single Choice’ or ‘Low Discrimination’ and indicates whether the species identification was unambiguous or whether the database could not unambiguously discriminate between two or more species entries. Identifications with an assigned probability, lower than a probability threshold (60%) are not assigned an unambiguous species label. In this situation, due to low confidence values, the Type of identification ‘No Identification’ or ‘Low Discrimination’ is assigned. For spectra with a Type of identification other than ‘No Identification’, we evaluated the Type of Identification and whether the assigned species corresponds to the true species identity of the measured strains.

We compared all spectra in our dataset to a ribosomal marker based database (PAPMID™). Marker based species identification tools such as the PAPMID™ database assign scores which correspond to the number of ribosomal marker peaks detected. The bacterial species is assigned for which most marker masses could be detected in a mass spectrum.

If a spectrum matches a maximal number of marker masses for multiple profiles of the same species, an unambiguous single species identification is assigned. If a spectrum matches an equal maximal number of marker masses from different species, multiple species are assigned (‘multi-species Identification’). Species identifications with fewer marker peaks detected than the taxon-specific identification threshold, are assigned the label ‘No identification possible’. The taxon specific thresholds used in this study were 20 for the species of the Enterobacter cloacae complex, 15 for Klebsiella spp. and Escherichia coli/Shigella, 7 for the species within the S. aureus complex, and 10 for all other phylogenetic groups included in this study.



Statistical Analysis

We used paired Wilcoxon rank tests when comparing spectra acquired from the same strains under different conditions. We excluded spectra of strains which were missing in one of the sets of interest. We used unpaired wilcoxon rank tests when comparing spectra acquired from different strains, e.g. when comparing between different phylogenetic groups or between correctly and incorrectly identified spectra.

When reporting comparisons in the running text, we refer to spectra acquired on the microflex Biotyper if not explicitly stated otherwise and use the nomenclature ‘median (lower bound of the IQR, upper bound of the IQR)’, throughout the study. Results and summary plots for spectra acquired on the Axima Confidence system can be found in the supplement.

We report the exact p-values when these are > 0.0001 and report use ‘****’ for p-values < 0.0001. All analysis was performed in R (4.0.3) using the ggpubr (4.0) package.




Results


Defining MALDI-TOF Mass Spectral Quality

In order to investigate spectral quality of the different datasets, we first assessed which spectral features are associated with a correct species identification with all databases and therefore suitable as quantitative measures for spectral quality. The spectra analysed here include a range of mass spectral quality, and were acquired using all different sample preparation protocols examined in this study and for the species included in three databases (MALDI Biotyper, VitekMS, PAPMID™) (Supplementary Table S1).

Five spectral features are good proxies for the correct species identification. In correctly identified spectra (i.e. high spectral quality) over all phylogenetic groups we found an increase in the number of ribosomal marker peaks detected (median = 22 IQR = (18, 25) (same nomenclature used throughout the paper) vs. 13 (6, 20)), their median relative intensity (1.27 (1.02, 1.65) vs. 1.00 (0.77, 1.27)), the sum of the intensity of all detected peaks (1.69✕106 mV (0.97✕106 mV, 2.39✕106 mV) vs. 0.90✕106 mV (0.27✕106 mV, 1.62✕106 mV)) and a decrease in the measurement error (249 ppm (186 ppm, 338 ppm) vs. (289 ppm (213 ppm, 388 ppm)) (all p-values < 0.0001) when compared to incorrectly identified spectra (Figure 1 and Supplementary Figures S1 and S2). In order to account for reproducibility, we included the fraction of reproducibly detected peaks between technical replicates as fifth quality measure. These five features were henceforth used to evaluate the spectral quality in the dataset.




Figure 1 | Spectra features compared between correctly and incorrectly identified spectra per phylogenetic group. Species identification was performed by the MALDI Biotyper database and spectra were acquired on a microflex Biotyper. (A) the number of detected ribosomal marker peaks, (B) the median relative intensity of these, (C) the sum of intensity of all detected peaks, (D) measurement error and (E) reproducibility i.e. number of peaks detected in three out of four technical replicates divided by the total number of peaks in a spectrum. ****p-value < 0.0001.



When comparing correctly to incorrectly identified spectra we observed, over all phylogenetic groups, a small increase in total number of peaks (173 (146, 203) vs. 163 (128, 206), p-value < 0.0001)). However, when comparing within each phylogenetic group, and especially for spectra acquired on the microflex Biotyper, we did not observe a beneficial effect of an increased total number of peaks (Supplementary Figure S1). Therefore, we did not include the number of peaks as a quality measure. The fraction of peaks > 10’000 Da (30.5% (23.0%, 38.2%) vs. 31.6% (18.1%, 42.4%), p-value = 0.91) and the m/z value at the 90th percentile (15,323 Da (13,304 Da, 16,128 Da) vs. 15,387 Da (11,394 Da, 16,264 Da), p-value = 0.07) were comparable between correctly and incorrectly identified spectra, respectively.

In the following, we evaluated which sample preparation yielded highest quality spectra, over all phylogenetic groups, for unknown samples and within each phylogenetic group separately.



Mass Spectral Quality Improvement With Different Sample Preparation Methods

In order to identify the best sample preparation, we first tested three different protocols. Over all phylogenetic groups, we found the ‘25% FA overlay’ method yielded the highest spectral quality.

We observed the median relative intensity of ribosomal marker peaks (1.49 (1.14, 1.91) vs. 1.27 (0.97, 1.73), p-value = 0.025), the sum of the intensity of all detected peaks (2.16✕106 mV (1.53✕106 mV, 2.73✕106 mV) vs. 1.80✕106 mV (1.22✕106 mV, 2.36✕106 mV)) and the fraction of reproducibly detected peaks (74.0% (66.0%, 80.1%) vs. 69.5%, (59.7%, 77.7%)) to be higher for spectra acquired under the ‘25% FA overlay’ method compared to the ‘smear’ method (p-values < 0.0001). Furthermore, we observed less variation when comparing the number of ribosomal marker peaks detected (22 (19, 25) vs. 22 (16, 25)) for spectra acquired under the ‘25% FA overlay’ method compared to the ‘smear’ method.

Spectra acquired with the ‘simple protein extraction’ method yielded overall lower values for these measures (‘median relative intensity of the ribosomal marker peaks detected’: 1.17 (1.03, 1.37); ‘sum of the intensity of all detected peaks’: 1.22✕106 mV, (0.74✕106 mV, 2.14✕106 mV); ‘number of ribosomal marker peaks detected’: 19 (12, 23)) when compared to spectra acquired under the ‘smear’ method (p-values < 0.0001), except for the fraction of reproducibly detected peaks, where we observed higher values for spectra acquired under the ‘simple protein extraction’ (73.7%, (65.3%, 82.2)) when compared to spectra acquired under the ‘smear’ method (p-value < 0.0001). The accuracy of identification by PAPMID™ generally follows quality measures, with the highest fraction of correctly identified spectra under the ‘25% FA overlay method’ (Figures 1, Supplementary Figure S3).



Increased Bacterial Age Decreased Spectral Quality

In order to assess how the age of a bacterial colony influences mass spectral quality, we measured the strains in our dataset after varying incubation time. We found a younger bacterial colony to be associated with a higher mass spectral quality. Increasing colony age had a negative impact on spectral quality with less ribosomal marker peaks detected (19.5 (17, 22) vs. 22 (20, 24)) and with a lower relative intensity (1.24 (0.96, 1.75) vs. 1.65 (1.34, 2.12)), and a lower fraction of reproducibly detected peaks (69.5% (64.8%, 74.6%) vs. 71.2% (64.6%, 77.6%)) after three days when compared one day incubation time (p-values < 0.0001) (Figure 2).




Figure 2 | (A) Comparison of different sample preparation protocols across all 47 bacterial isolates, (including 3 biological replicates and 4 technical replicates for each strain and protocol) and (B) age of the bacterial colony (47 bacterial isolates, 4 technical replicates for each strain and day) for spectra acquired on a microflex Biotyper MALDI-TOF MS system. ‘****’p-value < 0.0001.



The accuracy of identification by PAPMID™ generally follows quality measures, with an increasing number of spectra not being identified, and decreasing spectral quality over the time period.



The Amount of Bacterial Colony Material Applied Has a Significant Impact on Spectral Quality

In order to identify the best preparation procedure, we tested varying concentrations of the bacterial sample applied to the steel target plate.

Over all phylogenetic groups, we found that diluting the bacterial sample 1:5 did not decrease the number of ribosomal marker peaks detected (22.5 (14, 26) vs. 22 (19, 24)), nor the fraction of reproducibly detected peaks (75.2% (65.0%, 81.4%) vs. 72.4% (65.0%, 80.1%)) when compared to spectra acquired under the ‘25% FA overlay’ method (Figure 3).




Figure 3 | Comparison of the amount of bacterial colony material applied onto a steel target plate for spectral quality (16 bacterial isolates, 3 biological and 4 technical replicates per dilution and strain). Spectra were acquired on a microflex Biotyper MALDI-TOF MS system. ‘****’p-value < 0.0001.



However, we observed a decreased median intensity of the ribosomal marker peaks (1.06, (0.94, 1.21) vs. 1.53 (1.16, 2.02)) and a decreased sum of the intensity of all detected peaks (1.17✕106 mV (0.50✕106 mV, 1.92✕106 mV) vs. 2.15✕106 mV (1.53✕106 mV, 2.64✕106 mV)) for 1:5 diluted samples when compared to samples processed using the ‘25% FA overlay’ method (p-values < 0.0001).

Diluting bacterial colony material 1:25 or more generally decreased mass spectral quality (‘number of ribosomal marker peaks detected’: 21 (8.75, 24); ‘median intensity of the ribosomal marker peaks: 1.07 (0.95, 1.29); ‘sum of the intensity of all detected peaks’: 0.51✕106 mV, (0.16✕106 mV, 0.85✕106 mV)). However, we found taxon specific effects e.g. with Burkholderia yielding highest quality spectra with the highest number of ribosomal marker peaks detected with an additional dilution to 1:25 (Supplementary Figures S5 and S6).



Calibration Is Crucial

All MALDI-TOF MS were externally calibrated in a routine setting and the effect of calibration has been previously investigated (Mitchell et al., 2015). Here, we tested the impact of time between calibration and the measurement on measurement precision. We found that the measurement error increased with time after calibration, (Day 1: 194 ppm (166 ppm, 235 ppm) vs. Day 7: 296 ppm (236 ppm, 379 ppm)) (p-value < 0.0001) (Figure 4).




Figure 4 | Measurement error for Day 1 and Day 7 after calibration (1 bacterial isolate, 3 biological and 4 technical replicates per day).





Major Differences in Spectra Quality Between Bacterial Taxa

Testing whether the mass spectral quality is sufficient for spectra acquired with the ‘25% FA overlay’ method for all bacterial taxa, we found important differences (Figure 5, Supplementary Figure S7). Enterobacteriaceae was the biggest family in our dataset (18 strains) and strains within this family generally yielded rich MALDI-TOF mass spectra with a high fraction of ribosomal marker peaks detected 57.1%, (50.0%, 61.9%)). For statistical analyses, we used Enterobacteriaceae as a reference group (Figure 5, Supplementary Figure S7). On both MALDI-TOF MS systems, we found Gram positive bacteria generally yielded lower quality spectra than the Gram negative strains, with a lower fraction of ribosomal marker peaks detected (46.1% (34.7%, 53.6%) vs. 55.0% (50.0%, 61.9%), a lower sum of the intensity of all detected peaks (1.64✕106 mV (1.11✕106 mV, 2.39✕106 mV) vs. 2.38✕106 (1.91✕106 mV, 3.05✕106 mV)) and a lower fraction of reproducibly detected peaks (66.7% (60.2%, 73.9%) vs. 77.7% (72.0%, 82.8%)) (p-values < 0.0001). Actinobacteria and streptococci other than viridans streptococci yielded lowest quality MALDI-TOF mass spectra with the lowest fraction of ribosomal marker peaks detected (43.6% (19.8% - 57.1%), 43.2% (33.5% - 48.3%), respectively) and the lowest fraction of reproducibly detected peaks (66.1% (57.2% - 72.4%), 62.3% (58.2% - 69.5%), respectively).




Figure 5 | MALDI-TOF mass spectra features and species identification of spectra acquired with the ‘25% FA overlay’ method and after one day of incubation on a microflex Biotyper (3 biological and 4 technical replicates per strain). ‘****’p-value < 0.0001.



Among the generally lower performing Gram positive bacteria and against the general trend, we detected the highest median fraction of detected ribosomal marker peaks for Listeria (58.0% (54.5% - 61.4%)), whereas Gram negative anaerobes yielded the highest fraction of reproducibly detected peaks (79.0%, (75.6% - 83.7%)).



Differences Between MALDI-TOF MS Databases

In order to evaluate different available databases we compared spectra acquired on the microflex Biotyper to the MALDI Biotyper database (MALDI Biotyper Compass Library, Revision E (Vers. 8.0, 7854 MSP, RUO)) and spectra acquired on the Axima Confidence system to the VitekMS database (v3.2) for species identification. All spectra compared were acquired under the ‘25% FA overlay’ method. Please note that, while spectra were compared to the entire latter two databases for species identification, they were compared only to a subset of entries or subtyping modules of the PAPMID™ database.

Neither the MALDI Biotyper nor the VitekMS database cover all species included in this study (Supplementary Table S1). Spectra of strains belonging to species missing in these databases are often wrongly identified as closely related species represented in the database (Figure 6). The MALDI Biotyper database covers more species represented in our strain collection than the VitekMS DB (Supplementary Table S1) and more often results in a correct species assignment (Figure 6). However, comparison of spectra to MALDI Biotyper databases can lead to ambiguous results with multiple species yielding Scores > 2.0.




Figure 6 | Evaluation of bacterial species identification. MALDI-TOF mass spectra were acquired on the microflex Biotyper (left) and the Axima Confidence (right) with the ‘25% FA overlay’ method and after one day of incubation (3 biological and 4 technical replicate for each strain). Species identification was performed by the three different databases MALDI Biotyper (upper left), the VitekMS (upper right) and PAPMID™ (lower panels). Color Code: green: correct single species identification: dark blue: correct identification, multiple species above threshold or VitekMS Identification Type ‘Low Discriminatory’; light blue: correct identification, MALDI Biotyper log score < 2, grey: no identification possible, yellow: wrong species identified, low security (MALDI Biotyper log score < 2 or VitekMS Identification Type ‘Low Discriminatory’), red: wrong species identified, high security (MALDI Biotyper log score > 2, VitekMS Identification Type ‘Single Choice’ and single species identification using a marker based approach).



We observed the biggest difference between the MALDI Biotyper and the VitekMS database for Staphylococcus spectra, including spectra of the species S. aureus, S. argenteus and S. schweitzeri, with correctly identified species in 94.4% of spectra using the MALDI Biotyper database compared to 30.6% using the VitekMS database.

Species identification by the PAPMID™ yielded more often correct single species identification for spectra acquired on the Axima Confidence device than for spectra acquired on the microflex Biotyper device.



Increased Mass Spectral Quality Increased Species Identification Accuracy

In order to understand the impact of mass spectral quality on species identification accuracy in more detail we looked at three species complexes, namely the Burkholderia cepacia complex, viridans streptococci and the Enterobacter cloacae complex, and exclusively considering species which are covered by all three databases examined in this study. We split the spectra of these three complexes into three equal groups according to the sum of the intensity of all detected peaks in each spectrum, using this as a universally applicable proxy for spectral quality. We observed that with increasing intensity, the number of detected ribosomal marker peaks, their median relative intensity, the reproducibility and measurement precision increase, suggesting that these quality features are correlated.

Importantly, we found a larger fraction of correctly identified species with a higher confidence level (MALDI Biotyper log score) with increasing spectral quality (Figure 7 and Supplementary Figure S19). As an exception, we observed within the Enterobacter cloacae complex, an increase of incorrectly identified spectra using the MALDI Biotyper database with an increasing spectral quality.




Figure 7 | Spectra quality features and evaluation of species identifications grouped by the sum of the intensity of all detected peaks. Spectra acquired on the microflex LT/LH ‘smart’. Color Code: green: correct single species identification; dark blue: correct identification, multiple species above threshold; light blue: correct identification, MALDI Biotyper log score < 2; grey: no identification possible, yellow: wrong species identified, low security (MALDI Biotyper log score < 2), red: wrong species identified, high security (MALDI Biotyper log score > 2 and single species identification using a marker based approach).





Taxon-Specific Sample Preparation for Highest Spectral Quality

Following the inherent differences in mass spectral quality between the phylogenetic groups (Figure 5) we hypothesise taxon-specific improvement of spectral quality when using different sample preparation, quantity, and age of the bacterial colony. In order to assess these we have compared the sample preparation conditions evaluated in this study, for each group separately (Supplementary Figures S5, S6, S8–S16). Here, we suggest optimized taxon-specific sample preparation and handling protocols in order to achieve optimal spectral quality. We summarised the optimal sample preparation and bacterial colony age per group which yielded good quality spectra (Table 2).


Table 2 | Optimal sample protocol and bacterial age summarised per phylogenetic group.






Discussion

In this study we determined MALDI-TOF mass spectra quality features, associated with correct identification and showed that these features can be increased in routine diagnostics by adapting sample preparations protocols.

Comparing the spectra quality yielded by varying sample preparations we found that over all phylogenetic groups and for unknown samples, measuring bacterial samples at a young age and overlaying the sample with 25% formic acid yielded the best quality spectra. As Enterobacteriaceae was the biggest group in our dataset, it had the strongest influence on the optimal sample preparation protocols when we analysed all strains congruently. Nonetheless, also when analyzing the impact of different sample preparation protocols for each group separately, the ‘25% FA overlay’ method was amongst the best performing methods for most phylogenetic groups and with little hands-on time.

Over all phylogenetic groups, we observe the highest mass spectral quality after one overnight culture, followed by a decrease in mass spectral quality with increasing bacterial colony age. However, slower growing bacteria might require a longer incubation time before sufficient bacterial material can be transferred onto a target plate and before entering a phase of exponential growth, where ribosomal proteins are highly abundant (Fenselau and Demirev, 2001).

We find that, over all phylogenetic groups, diluting the bacterial sample 1:5 does not decrease mass spectral quality and a dilution step can in fact increase the spectral quality for certain taxa.

Overlaying the bacterial colony material with 25% formic acid does not increase spectral quality for all phylogenetic groups and can in fact often be omitted, and these samples can be prepared using the ‘direct smear’ method when the taxon of an isolate is known. On the other hand, not all phylogenetic groups yielded good-quality spectra even when overlaying the sample with 25% formic acid, most notably Actinobacteria. Here, a ‘simple protein extraction’ might be required to detect intracellular proteins (Alatoom et al., 2011).

Summarizing our sample preparation experiments, we encourage laboratories working in routine diagnostics to measure unknown microorganisms after one night of growth, with little bacterial colony material, and overlaying each spot with 25% formic acid. If the spectra acquired using this protocol do not yield satisfying identification results, we furthermore propose the application of taxon-specific protocols. These can also be used to obtain optimal quality mass spectra for subtyping.

To define mass spectral quality, we analysed several spectral features among which we identified the following five as best proxies: (i) number of ribosomal marker peaks detected, (ii) median relative intensity of ribosomal marker peaks, (iii) sum of the intensity of all detected peaks, (iv) measurement precision, and (v) reproducibility of all peaks. The first four were increased in spectra which were correctly identified with all three databases when compared to incorrectly identified spectra. The effect of these features is more pronounced when spectra are acquired on the Axima confidence than on the microflex Biotyper. Incorrectly identified Axima Confidence spectra appear to be signal poor with a low total number of peaks (Supplementary Figure S2). Incorrectly identified microflex Biotyper spectra can harbour a high number of peaks, but are sparse in ribosomal marker masses and sum of the intensity of all detected peaks, which suggests that these spectra are noisy (Supplementary Figure S1). This is also reflected in the higher number of false positive hits in ribosomal marker masses leading to a higher fraction of wrongly identified microflex Biotyper spectra than Axima Confidence spectra when compared to the PAPMID™ database. As hardware settings, such as the tension of the detector, might affect the total number of peaks, it remains unclear whether the observed trends hold true for all microflex Biotyper devices. A study involving multiple devices is required to assess this question.

When using the ‘25% FA overlay’ method, we found a median of 74.0% of peaks reproducibly detected in technical replicates of the same sample (Figure 2). This measure assesses the reproducibility of picked peaks with which we decided to work with, as they are the bases for species identification. This measure of reproducibility is different from the pearson correlation, comparing the shapes of two or more spectra (Zhang et al., 2014; Oberle et al., 2016). A reproducible detection of 75% of the picked peaks in a spectrum with 100 peaks, would mean that 75 peaks were detected in at least 3 out of 4 technical replicates of the same measurement. By using optimal sample preparation methods, we can increase the number of reproducibly detected peaks. These reproducibly detectable peaks could potentially be used as marker peaks, additional to ribosomal subunit masses and for spectra identification, further increasing the resolution of this method.

We observed the measurement error to increase with increasing time after calibration and therefore advise for frequent calibration of MALDI-TOF MS devices.

Microbiology taxonomy is in flux and many bacterial species have been newly described or have changed the genus in recent years (Janda, 2020). It is hardly possible for any diagnostic database to be up to date at every moment in time. We would like to emphasise that we have included strains in this study which pose difficulties for bacterial species identification and that bacterial species identification by MALDI-TOF MS is highly accurate in routine diagnostics (Croxatto et al., 2012). The challenges posed by the species included in this study are known and also clearly communicated by the MALDI-TOF MS manufacturers by e.g. displaying a warning message indicating which species cannot, or not reliably be distinguished from one another.

As the MALDI Biotyper database covers more of the species included in this study than the VitekMS database, spectral assignment from this database more often results in a correct species identification (Figure 6). This is most remarkable for spectra of the S. aureus complex, where the MALDI Biotyper database includes all three species (S. aureus, S. argenteus and S. schweitzeri), whereas the VitekMS database lists only S. aureus (Supplementary Table S1). However, interpreting the MALDI Biotyper species identification is not always trivial as multiple species can yield a log score > 2, which is used as a threshold for the assignment ‘highly confidence identification’.

Importantly, we have shown that an increased spectra quality can increase the accuracy of species identifications by all three databases. However, against the general trend, the number of incorrectly identified spectra increases with increasing spectra quality for species of the Enterobacter cloacae complex analysed with the MALDI Biotyper database. A possible explanation could be the MALDI Biotyper database frequently assigning the more frequent sister species E. cloacae sensu stricto.

We find Actinobacteria yielding the lowest spectra quality of all phylogenetic groups analysed in this study. When comparing spectra of this group to the PAPMID™ database we find less often correctly identified spectra, compared to the other phylogenetic groups. For Actinobacteria only few ribosomal marker peaks can be detected, which makes distinction solely based on these, difficult. For this group, species identification using a pattern matching approach, applied by the MALDI Biotyper and the VitekMS database, more often yielded correct results. As it remains unclear which proteins form the basis of this species identification and how these vary between closely related species, it is possible that discrimination between closely related species might be challenging within Actinobacteria using a pattern matching approach.

MALDI-TOF mass spectra quality might be influenced by factors not considered in this study including: (i) hardware factors such as the age and intensity of the laser; (ii) the type of MALDI-TOF MS target plates and matrix used; (iii) culturing variables such as the agar media used or the atmosphere in which bacterial isolates are grown; (iv) spectra acquisition settings such as the number of laser shots applied and spectra averaged per measurement and (v) factors considering technical knowledge on acquiring MALDI-TOF mass spectra including regular training of staff and quality control of MALDI-TOF MS measurements. In order to assess and standardise MALDI-TOF mass spectral quality in routine diagnostics, a broader study comparing spectra acquired in multiple laboratories by different personnel is required.

The reliable detection of marker peaks in clinical routine would allow for higher resolution typing based on MALDI-TOF mass spectra, also distinguishing between closely related species e.g. within the Klebsiella pneumoniae complex, the Staphylococcus aureus complex and within viridans streptococci. An effective standardisation in culture conditions and spectra quality assessment might help the automation process of colony picking and mass spectral acquisition. Using a marker based approach for identification, we can congruently query spectra acquired on different MALDI-TOF MS systems around the world. Using the potential of routinely generated MALDI-TOF MS data for sublineage detection would open up new avenues of disease control by tracing the spread of important sub-lineages in real time with little additional effort.
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Yeasts of the Cryptococcus neoformans/gattii species complexes are human pathogens mostly in immune compromised individuals, and can cause infections from dermal lesions to fungal meningitis. Differences in virulence and antifungal drug susceptibility of species in these complexes indicate the value of full differentiation to species level in diagnostic procedures. MALDI-TOF MS has been reported to sufficiently discriminate these species. Here, we sought to re-evaluate sample pre-processing procedures and create a set of publicly available references for use with the MALDI Biotyper system. Peak content using four different pre-processing protocols was assessed, and database entries for 13 reference strains created. These were evaluated against a collection of 153 clinical isolates, typed by conventional means. The use of decapsulating protocols or mechanical disruption did not sufficiently increase the information content to justify the extra hands-on-time. Using the set of 13 reference entries created with the standard formic acid extraction, we were able to correctly classify 143/153 (93.5%) of our test isolates. The majority of the remaining ten isolates still gave correct top matches; only two isolates did not give reproducible identifications. This indicates that the log score cut-off can be lowered also in this context. Ease to identify cryptococcal isolates to the species level is improved by the workflow evaluated here. The database references are freely available from https://github.com/oliverbader/BioTyper-libraries for incorporation into local diagnostic systems.




Keywords: MALDI-TOF MS, identification, capsule, Cryptococcus neoformans complex, Cryptococcus gattii complex



Introduction

The group of basidiomycetous yeast of the Cryptococcus neoformans/gattii complexes hosts a variety of human pathogenic species, causing infections from skin lesions to fatal meningitis [reviewed in (Kronstad et al., 2011)]. This mainly contributes to morbidity and mortality in patients with underlying immune deficiencies (e.g. HIV), but can also affect immunocompetent hosts. Species of the C. neoformans/gattii complexes are readily found in the environment, living, for example, on eucalyptus tree bark, and bird droppings.

The most prominent diagnostic feature of these species are the large capsules of most isolates [reviewed in (O’Meara and Alspaugh, 2012)], which can easily be visualized by, e.g., displacement of India ink stain. India ink does not penetrate the capsule and thus creates a halo around the cells visible in microscopy. The polysaccharides shed from the cell also give rise to efficient and specific serologic tests of cryptococcal infections through serum detection of galactomannan.

Species in this complex have traditionally been divided into four serotypes based on antigenicity of the capsule, forming three varieties: C. neoformans var. grubii (serotype A), var. gattii (serotypes B and C), and var. neoformans (serotype D). They are also able to form inter-species hybrids leading to, e.g., an AD serotype (Boekhout et al., 2001). Several genetic methods are available to stratify the different serotypes into further molecular types (Meyer et al., 2003) and characterize hybrid strains. Recently, it has been proposed to formally raise the non-hybrid molecular types to species level (Kwon-Chung et al., 2002; Hagen et al., 2015) and a fifth C. gattii lineage has recently been described (Farrer et al., 2019) from environmental and animal specimen.

In clinical samples from Europe most frequently serotype A is found, mainly from immunocompromised patients, e.g. those suffering from AIDS (Kronstad et al., 2011). Highly virulent isolates usually stem from the C. gattii complex, which also readily infect immuno-competent hosts. Differences in mean antifungal susceptibility between closely related molecular types have been reported (Trilles et al., 2012; Cogliati et al., 2018; Lee et al., 2019) and in vitro differences in cytokine responses (Herkert et al., 2018). Some molecular types, mainly VGII and VGIII, are more prone to be involved in outbreak scenarios (Kidd et al., 2004; Carriconde et al., 2011; Springer et al., 2014). A major difference between C. neoformans and C. gattii groups is the lack of growth inside macrophages among C. gattii isolates, with the notable exception of such outbreak lineages (Voelz et al., 2014).

Together this underlines the benefit of methods easily discriminating between the major molecular types, not only in clinical contexts, but also for epidemiological studies which so far rely on laborious genetic typing [e.g. our own work (Tangwattanachuleeporn et al., 2013; Kangogo et al., 2015; Worasilchai et al., 2017) or others (Fang et al., 2020; Jin et al., 2020)]. MALDI-TOF MS has been established over the past years as a widely used clinical species identification tool and has been shown to be able to discriminate between the seven known molecular types within the C. neoformans/gattii complexes (McTaggart et al., 2011; Firacative et al., 2012; Posteraro et al., 2012; Hagen et al., 2015). For C. gatti and C. deuterogatii differential mass peaks have been described (Jin et al., 2020).

However, this has not been implemented in diagnostic systems, which remain at the point where only C. neoformans var. neoformans/grubii vs. C. gattii complexes can be identified. In part, this may be due to the observation that false species designations above the significance threshold can be observed (Posteraro et al., 2012), and reflect the complexity introduced by hybrid formation between the different linages.

In this study, we created a publicly available MALDI Biotyper database reference (“main spectrum projections”, MSPs) set from 13 type strains of seven recognized non-hybrid subtypes in the Cryptococcus neoformans/gattii complexes. Their performance using different preprocessing protocols is evaluated on a set of characterized isolates.



Materials and Methods


Yeast Strains and Culture Conditions, Chemicals

For long-term storage, Cryptococcus isolates were kept at -70°C in cryobank stocks (Mast Diagnostica, Reinfeld, Germany). After thawing, strains were propagated on Sabouraud’s (SAB) agar slants supplemented with 0.5% peptone (casein), 0.5% peptone (meat), and 2% glucose. Before sample preparation, strains were cultivated on SAB agar overnight at 30°C.

For the purpose of text clarity, only the species nomenclature according to Hagen et al. (Hagen et al., 2015) is adopted from here. As references, thirteen strains of the CBS collection (Westerdijk Fungal Biodiversity Institute) were used: three C. neoformans (CBS 8710 (molecular type VNI), CBS 10084 (VNII), CBS 10085(VNI)), two C. deneoformans (CBS 6900 and CBS 10079 (VNIV)), two C. gattii (CBS 6289,and CBS 10078, VGI), two C. deuterogattii (CBS 10082, and CBS 10514, VGII) two C. bacillisporus (CBS 6955 and CBS 10081, VGIII), one C. tetragattii (CBS 10101, VGIV), and C. decagattii (CBS 11687, VGIV).

A test set of 153 isolates was assembled from previously characterized collections. This included all Thai strains from Worasilchai et al. (2017), augmented with rare species isolates from Kenya (Kangogo et al., 2015) and the Birmingham laboratory collection, which include strain from various studies [e.g. (Voelz et al., 2014)]. All isolates were typed either previously (Kangogo et al., 2015; Worasilchai et al., 2017) or specifically for the purpose of this study using the URA5-RFLP method. The final set contained n=96 C. neoformans, n=6 C. deneoformans, n=5 C. gattii, n=18 C. bacillisporus, n=20 C. deuterogattii, and n=8 C. tetragattii isolates. A negative control group was assembled from mass spectra randomly chosen from those obtained during bacterial (n=86) of fungal (n=403) routine diagnostics.



URA5-RFLP

Restriction fragment length polymorphisms were performed as described previously (Kangogo et al., 2015; Worasilchai et al., 2017). Briefly, genomic DNA was extracted from cells using phenol/chloroform and the URA5 gene was amplified using URA5 forward (5-ATGTCCTCCCAAGCCCTCGACTCCG-3) and SJ01 reverse (5-TTAAGACCTCTGAACACCGTACTC-3) primers (Meyer et al., 2003). The amplicons obtained were either simultaneously digested with HhaI (20 U/μl) and Sau96I (10 U/μl) or StuI (10 U/µl) alone for 8 hours (all from New England Biolabs). The digestion products were purified using a PCR clean-up kit (NucleoSpin, Macherey-Nagel, Düren, Germany) and visualized on a 3% agarose gel.



MALDI-TOF MS Preprocessing Protocols

For regular harvest and formic acid-extraction [preprocessing protocol (A) (Bader, 2017)], cells were taken from agar plates by scraping approximately a 1µl loop full of cells and re-suspending them in 300 µl water. 700 µl absolute ethanol was added to a final concentration of 70% (v/v) and vortexes. Cells were spun down at 8500xg for 5 min, the supernatant completely discarded and the cells lysed first with 50 µl 70% (v/v) formic acid, and 50 µl pure acetonitrile. Modifications to this protocol tested were for preprocessing protocol (B) that cells were collected in 300 µl 5% (v/v) DMSOad, for preprocessing protocol (C) that DMSO was included in the 70% ethanol washing step to a final volume of 5% (v/v), and for preprocessing protocol (D) that cells were collected in 300 µl water already including an equivalent of ~100 µl glass beads (0.5 mm diameter, Roth, Karlsruhe, Germany). Here, cells were mechanically disrupted in a FP120 fast prep machine (Bio101, Thermo Savant) at setting 4, for 30 sec during the formic acid step.



Generation of MALDI Biotyper Database References

MSP references for the MALDI Biotyper were generated according to the manufacturer’s guidelines (Kostrzewa and Maier, 2017), using preprocessing protocol A. Spectra from 24 individual spots were gathered on a freshly calibrated (BTS reference standard) Autoflex III system (Bruker Daltonics, Bremen, Germany) using the automated acquisition mode of the Biotyper 3.1. Spectra were processed using the inbuilt MSP generation method, using the standard parameters.




Results and Discussion


Method Optimization

The literature reports that both, removal of cryptococcal capsule can (Thomaz et al., 2016) or does not (Hagen et al., 2015) positively influence spectrum quality. Since the capsule material is soluble in DMSO, we devised pre-processing protocols that would deplete the capsule prior to the regular formic acid/acetonitrile extraction protocol. Both pre-processing protocols, B (Figures 1A, B) and C (not shown), efficiently removed capsules in all strains. However, subsequent measurement of mass spectra did not reveal any additional mass signals, or major differences in spectrum quality (Figure 1C).




Figure 1 | Optimization of sample pre-processing procedures. Phase contrast microscopy of ink-stained cryptococcal cells (A) without and (B) with DMSO treatment depleting capsular material (protocol B). (C) Spectra obtained from de-capsulated cells by protocols B and C were not different from those generated by formic acid extraction alone. (D) Spectra obtained from mechanically disrupted cells (protocol D) had similar masses, but differed in relative signal intensity for some, as compared to those obtained by formic acid extraction. Example results shown here for CBS 10485 are valid for all isolates. Signal intensities on y-axes in panels (C, D) mainly rely on number of spectra gathered in sum buffer. Spectra have been manually re-scaled on the y-axis for better visual comparison between different experimental conditions, and scaling has been omitted to reflect this fact.



Next, we tested if mechanical disruption of the cells yielded more informative spectra using mechanical disruption (preprocessing protocol D). Indeed, mass spectra recorded from mechanically disrupted cells resulted in more evenly distributed peak intensities across the major mass signals. However, no additional mass signals of high intensity were found (Figure 1D).

In our hands removal of the capsule did not result in spectra with higher information content, at any time. Mechanical disruption did reveal some additional masses, but in favor of the lower hands-on-time the original pre-processing protocol A was subsequently used for MSP creation and testing.



Creation of Single Species MSPs

Next, we created MSPs for 13 reference strains encompassing seven molecular types of the C. neoformans/gattii complexes (Meyer et al., 2003; Hagen et al., 2015), using the standard extraction procedure (pre-processing protocol A). Cluster analysis of the MSPs generated suggested sufficient distance to clearly distinguish between C. neoformans complex molecular types VNIV (C. deneoformans) and VNI/II, and possibly also between VNI and VNII themselves, but less so among molecular types within the C. gattii complex (Figure 2).




Figure 2 | Dendrogram reference MSPs.





Identification Performance

Mass spectra for all test isolates were obtained using preprocessing protocol A. Were MALDI-TOF results using the new MSP set deviated from previous data, URA5-RFLP typing was repeated as the gold standard (Figure 3A). All but two deviations could be resolved (see below). To discriminate between C. tetragattii and potential C. decagattii strains, we sequenced the URA5-amplicon obtained from CBS 11687 (C. decagattii, deposited at Genebank under the accession number MH605184) and compared it to the respective sequence of CBS 10101 (C. tetragattii, gene bank accession AY973155). Restriction with StuI was found, and experimentally confirmed, to discriminate the two species (Figure 3B). However, there were no further C. decagattii isolates among our strains. C. decagattii remains a rare species, and only a single isolate of this molecular type (CBS 11687) was available for this study, which was already included in the reference set. Therefore, the final test collection encompassed only six of the seven species used for generation of references.




Figure 3 | URA5-RFLPs. (A) URA5-RFLP patterns of control isolates. (B) CBS10101 (C. tetragattii) and CBS 11687 (C. decagattii) can be differentiated by digesting the URA5-amplicon with StuI. (C) log-score values stratified by species/URA5-RFLP and matching type. Green: scores of correct matches, red: highest scoring incorrect matches. (D) Pairwise percentages of highest scoring incorrect matches. a C. decagattii was not present among testing isolates, as the only strain available for this study was already used to create the MSP reference.



From the test collection, we were able to correctly identify 143/153 (93.5%) of the isolates on species-level using duplicate spots, with the top log score ≥ 2.000 (Figure 3C), as recommended by the manufacturer. Of the remaining ten isolates, eight still gave correct species matches at scores between 1.700 and 1.999, considered only genus-level by the manufacturer. Among the negative control set, there were no results higher than a log score of 1.300, indicating no false positives are to be expected under routine diagnostic conditions (Figure 3C). Inconsistent identifications were only observed for two C. tetragattii isolates where repetitively top matches of different spots of the same preparation were C. tetragattii, C. gattii, or C. deuterogattii, all at values above 1.999.

Because of this, and the close relations found during cluster analysis (Figure 2), we also inspected the log score difference from the correct to the highest scoring false match for each spot (Figure 3D) for those tests where a second species matched above the significance threshold. Only 3% of all tested spots (14 out of 428) matched a second MSP with a log score >1.999. As expected from the cluster analysis, these “best false” second matches were found only among species in the C. gattii complex. This was the case for three C. bacillisporus isolates giving a second best match with C. decagattii, with a log score difference between 0.1 to 0.4. In addition to the two inconsistent C. tetragattii isolates discussed above, one additional C. tetragattii isolate also gave a second best match with C. decagattii. The score values for both matches were near 2.000. The close relationships of the different species will likely also have implications on properly identifying hybrid isolates.




Conclusion

Cryptococcal typing and species identification is complicated by the ongoing discovery of new species (Farrer et al., 2019), and the formation of inter-species hybrids (Hagen et al., 2015). Nevertheless, our data confirms that proper routine identification of clinically relevant non-hybrid C. neoformans/gattii complex molecular types using MALDI-TOF is possible with the current algorithms and standard workflows. In our hands, the only exception was distinguishing the rarer types C. tetragattii and C. decagattii, which was not sufficiently possible. This may be due to the fact, that only low numbers of isolates of these linages were available for testing.

The MSP sets generated in this study are freely available from https://github.com/oliverbader/BioTyper-libraries for use with the molecular type- (Meyer et al., 2003) or the species nomenclatures (Hagen et al., 2015).
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Dermatophytoses represent a major health burden in animals and man. Zoophilic dermatophytes usually show a high specificity to their original animal host but a zoonotic transmission is increasingly recorded. In humans, these infections elicit highly inflammatory skin lesions requiring prolonged therapy even in the immunocompetent patient. The correct identification of the causative agent is often crucial to initiate a targeted and effective therapy. To that end, matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) represents a promising tool. The objective of this study was to evaluate the reliability of species identification of zoophilic dermatophytes using MALDI-TOF MS. The investigation of isolates from veterinary clinical samples suspicious of dermatophytoses suggests a good MALDI-TOF MS based identification of the most common zoophilic dermatophyte Microsporum canis. Trichophyton (T.) spp. usually achieved scores only around the cutoff value for secure species identification because of a small number of reference spectra. Moreover, these results need to be interpreted with caution due to the close taxonomic relationship of dermatophytes being reflected in very similar spectra. In our study, the analysis of 50 clinical samples of hedgehogs revealed no correct identification using the provided databases, nor for zoophilic neither for geophilic causative agents. After DNA sequencing, adaptation of sample processing and an individual extension of the in-house database, acceptable identification scores were achieved (T. erinacei and Arthroderma spp., respectively). A score-oriented distance dendrogram revealed clustering of geophilic isolates of four different species of the genus Arthroderma and underlined the close relationship of the important zoophilic agents T. erinacei, T. verrucosum and T. benhamiae by forming a subclade within a larger cluster including different dermatophytes. Taken together, MALDI-TOF MS proofed suitable for the identification of zoophilic dermatophytes provided fresh cultures are used and the reference library was previously extended with spectra of laboratory-relevant species. Performing independent molecular methods, such as sequencing, is strongly recommended to substantiate the findings from morphologic and MALDI-TOF MS analyses, especially for uncommon causative agents.
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Introduction

Dermatophytoses are common worldwide and represent a growing health concern for human patients, companion animals and livestock alike (Chermette et al., 2008; Havlickova et al., 2008). These superficial infections of skin and its appendages (hair, nail, fur, spines, hoofs, claws etc.) are often caused by dermatophytes, which are able to invade the aforementioned host structures and digest the tough, fibrous proteins forming their structural framework. They belong to three main genera, i.e. Epidermophyton (E.), Microsporum (M.) and Trichophyton (T.), and are categorized as anthropophilic, zoophilic and geophilic according to their preferential habitat and evolutionary adaptation to humans, animals and soil, respectively (Weitzman and Summerbell, 1995). About 40 species are of clinical relevance in human and veterinary medicine nowadays (Ferguson and Fuller, 2017).

Zoophilic dermatophytes are animal pathogens that often exhibit a strong host specificity but also a notable zoonotic potential. Human infections with zoophiles (and also geophiles) are highly inflammatory, contagious and the patients frequently need systemic and long-lasting treatments (Weitzman and Summerbell, 1995; Havlickova et al., 2008). Especially children and adolescents are affected due to close contact to household pets, e.g. cats and guinea pigs, that are often asymptomatic carriers (Chermette et al., 2008; Nenoff et al., 2014a).

Routine diagnostic identification of dermatophytosis-causing agents continues to be mostly accomplished by macroscopic and microscopic examination of mycological cultures, i.e. mycelia, fruiting bodies and characteristic conidia. This approach is time-consuming and requires expert knowledge due to remarkable morphological similarities between the different species (Nenoff et al., 2013). On the other hand, DNA sequencing, which is considered the “gold standard” for species identification, is laborious and resource-expensive (Nenoff et al., 2013; Heireman et al., 2020). Moreover, nucleic acid sequence comparison relies on public, not necessarily validated databases that also need to be interpreted cautiously because of non-standardized preparation methods and the ongoing renaming and reclassification of dermatophytes (Abarca et al., 2017).

On the contrary, the identification of microorganisms based on matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), particularly of bacteria and yeasts, is considered simple, fast and reliable. However, for clinically relevant filamentous fungi, and especially dermatophytes, the thus-far established sample preparation methods need extensive adaptations since growth requirements and sample processing are more elaborate in these species (van Veen et al., 2010; Carbonnelle et al., 2011; Juiz et al., 2012; Biswas and Rolain, 2013; L’Ollivier and Ranque, 2017).

Here, we examined the reliability of MALDI-TOF MS for the identification of closely related zoophilic dermatophytes. Furthermore, we compared the spectra obtained from growth in two different conditions, i.e. liquid broth vs. solid agar media. Finally, we describe a cohort of samples from our veterinary clinical practice where the extension of the reference database was crucial to identify the uncommon causative agents involved.



Material and Methods


Sampling and Fungal Culture

Clinical specimens of suspected dermatophytoses were routinely sampled according to a modified McKenzie Brush technique (Mackenzie, 1963). After a rough disinfection, the margins of lesions were brushed with sterile tooth brushes and hair/spines and skin scales were transferred to Sabouraud-Dextrose (2%; SDA; Sifin Diagnostics GmbH, Berlin, Germany) or modified dermatophyte agar plates (MDA; Sifin; containing 0.4 mg/ml cycloheximide). SDA and MDA were supplemented with 0.05 mg/ml gentamicin-sulfate, 0.05 mg/ml chlortetracycline and 0.1 mg/ml chloramphenicol). The plates were incubated for one to two weeks at 28°C (in suspicion of T. verrucosum: 37°C); selected isolates are shown in Figure 1. Species identity of pure subcultures was assessed by macroscopic and microscopic examination, sequencing and/or MALDI-TOF MS measurements (see below).




Figure 1 | Photographs of the colony morphology of selected Arthroderma (A.) spp. (A–F) and Trichophyton (T.) erinacei cultures (G–L) isolated from symptomatic and asymptomatic hedgehogs. Cultures were grown on Sabouraud-Dextrose agar (2%) at 28°C for 3d, species identity was confirmed by sequencing of the ITS region of fungal rDNA. The first column shows the typical morphology of A. chiloniense with a white, fluffy obverse (A) and a beige to yellow reverse (B). T. erinacei 218315 (G, H) showed a very similar appearance rendering those two isolates hardly distinguishable solely by the assessment of phenotypic traits. The typical colony morphology of T. erinacei is depicted in (K) (obverse: white to yellow, granular) and (L) (reverse: yellow to bright orange). Intermediate, rather untypical morphologies (fluffy, folded, elevated in the center) with varying color shades from white to cream to beige are seen with other Arthroderma spp. and T. erinacei isolates.



The herein described dermatophyte isolates of wild hedgehogs (Erinaceus europaeus) were obtained after submission of the animals to the clinic showing a poor general health condition or injuries from accidents (asymptomatic and symptomatic for dermatophytoses; sampled in 2018 by the Clinic for Small Mammals, Reptiles and Birds, University of Veterinary Medicine Hannover, Hannover, Germany). Sampling ensued from recently deceased or –if medically indicated- euthanized animals as described above (approval by an animal ethics committee not needed).



Species Identification by DNA Sequencing and Creation of an ITS-Based Dendrogram

Sequencing of the internal transcribed spacer region (ITS) of the rDNA with a subsequent similarity search using the Basic Local Alignment Search Tool (BLASTn; https://blast.ncbi.nlm.nih.gov/Blast) was conducted to confirm species identity.

Therefore, total DNA from pure fungal cultures was extracted using the QIAmp® DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions with an additional overnight Proteinase K digestion at 56°C. Amplification of the ITS region by PCR was carried out essentially as described in Sharma et al. (2006) using the universal primers V9G (5′TTACGTCCCTGCCCTTTGTA3′) and LSU266 (5′GCATTCCCAAACAACTCGACTC3′) (Sharma et al., 2006). Sanger sequencing was performed by Microsynth Seqlab GmbH (Goettingen, Germany).

The obtained sequences were edited using the Chromas 2.6.6 software (Technelysium, South Brisbane, Australia); alignment and phylogenetic analyses were conducted in MEGA X (Kumar et al., 2018) using the Maximum Likelihood method and the Tamura-Nei model (Tamura and Nei, 1993). The percentage of trees in which the associated taxa clustered together is indicated next to the branches (1000 replicates). Values of ≥ 70% represent a robust clade support, values between 70% and 50% are considered moderate and ≤ 50% poor. Initial trees for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with the superior log likelihood value. The tree is drawn to scale with branch lengths measured in the number of substitutions per site and shown in Figure 2. The analysis involved 37 nucleotide sequences with a total of 1208 positions in the final dataset including the dermatophytes isolated during this study and during veterinary diagnostics, human-derived isolates from the clinical routine of the Laboratory of Medical Microbiology (with informed patient consent) and sequences derived from the NCBI database.




Figure 2 | Phylogenetic tree based on fungal rDNA ITS sequences for the investigated dermatophyte isolates (Tamura-Nei-model, Neighbor-Join and BioNJ algorithms, MCL approach, 1000 replicates). The tree is drawn to scale with branch lengths measured in the number of substitutions per site and indicated support values; the analysis involved 37 nucleotide sequences including the dermatophytes isolated during this study and from veterinary routine diagnostics (vet; vac refers to a vaccine strain used in bovine practice), human-derived isolates from the Laboratory of Medical Microbiology (hum) and sequences derived from the NCBI database. Generally, each dermatophyte species forms an own subclade with mostly very robust support; the different origins of isolation (vet vs. hum) are not reflected. The tree comprises two main clades: the upper one contains all geophiles, i.e. all Arthroderma spp.; the lower one all isolates of the genera Trichophyton and Microsporum. The latter form individual subclades in this lower clade; the very closely related species T. benhamiae and T. erinacei as well as T. mentagrophytes and T. quinckeanum are separated in distinct subclades.



All fungal isolates obtained during this study are available at the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany; see Table 1 for the detailed assignment of isolates to culture collection identifiers). The corresponding ITS sequences of the T. erinacei-isolates were deposited in the NCBI BLASTn database (see Table 1 for acc. no.), for Arthroderma spp., these are in preparation.


Table 1 | Identification of dermatophytes isolated from skin and spine samples of hedgehogs (Erinaceus europaeus) by PCR and sequencing of the internal transcribed spacer (ITS) region of fungal rDNA.





MALDI-TOF MS Measurements

MALDI-TOF MS analyses were carried out using a MALDI Biotyper™ MBT™ smart instrument (Bruker Daltonik GmbH, Bremen, Germany) and the internal libraries “BDAL” (8468 MSPs, 2969 species; 12/09/2019) and “Filamentous Fungi” (577 MSPs, 180 species; 12/09/2019). Samples for MS measurements were prepared according to the standard operating procedure (SOP) of the manufacturer following a modified extended direct transfer or the extraction sample preparation method (SOP 1867813 “Cultivation and Sample Preparation for Filamentous Fungi”; Bruker Daltonik GmbH) and deposited on a polished steel target (MSP 96, cat. no. 8280800, Bruker Daltonik GmbH). The minor modification consisted of a 2min incubation of fungal material in 70% formic acid in a 1.5ml reaction tube and vigorous pipetting before transferring 1µl of the supernatant to the target (rather than the successive application of “front mycelium” and formic acid to the same target spot). The target was subsequently loaded into the MS instrument and measurements were carried out in linear positive-ion mode within a mass range of 2-20kDa using the MBT_AutoX_FilFungi settings in the FlexControl software (version 3.4.204.10, Bruker Daltonik GmbH). Additional settings included: ion source 1 voltage: 20kV, ion source 2 voltage: 18.3kV, lens: 6kV, linear detector: 2694V. LogScore values (scores) from 0 (no similarity) to 3 (perfect match) were automatically calculated against the entries of the above-mentioned internal libraries. The manufacturer recommends cutoff values of ≥ 1.7 and ≥ 2.0 for a probable/secure identification at genus- and species-level, respectively. Additionally, we considered 5 to 10 of the next best hits in the identification score matching chart given by the software and their corresponding scores for final species determination.



Creation of Master Spectra (MSP) and a Score-Oriented Distance Dendrogram

For the creation of own MSPs, fungi were grown on one of the above-mentioned solid agar media covered with a sterilized filter paper (filter circle, Ø 70 mm, type 1573, Schleicher & Schuell, now Whatman; Figure 3) or in liquid Sabouraud-2% Dextrose-broth according to SOP 1867813 (section 5.3 “Liquid Cultivation Sample Preparation Procedure”; Bruker Daltonik GmbH). Note that for “Liquid Cultivation”, an incubation no longer than 1-2d in the respective culture broth is strongly recommended by the manufacturer; however, on solid media, dermatophyte growth is considerably slower and more time is usually needed to obtain sufficient fungal material from direct specimens for species identification.




Figure 3 | Sabouraud-Dextrose agar (2%) covered with a sterilized filter paper promoted fungal growth successfully and facilitated sampling of merely fungal material for MALDI-TOF MS analysis. Different Trichophyton (T.), Arthroderma (A.) and Microsporum (M.) isolates are exemplarily shown after an incubation time of 5d at 28°C (T. verrucosum: 37°C). Species identity was confirmed by sequencing of the ITS region of fungal rDNA.



Samples from both growth conditions (solid vs. liquid) were prepared for MS measurements following the extraction sample preparation procedure described in the above-mentioned SOP, i.e. washing fungal material in HPLC-grade water and ethanol and a subsequent formic acid/acetonitrile treatment. After the last centrifugation step, each of at least 12 spots of an MBT Biotarget 96 (cat. no. 1840375; Bruker Daltonik GmbH) was covered with 1µl of this solution. The spots were air dried and finally overlaid with 1µl of saturated α-cyano-4-hydroxy cinnamic acid solution (HCCA matrix; Bruker Daltonik GmbH) for co-crystallization. The bacterial test standard (BTS, cat. no. 8255343; Bruker Daltonik GmbH) provided by the manufacturer was added to the Biotarget 96 as the calibration standard and positive control.

MS measurements were carried out using the MBT_AutoX_FilFungi settings in the FlexControl software (see above). Each spot was measured twice to obtain at least 24 raw spectra of each sample; selected raw spectra from different isolates and growth conditions are shown in Figure 4.




Figure 4 | Examples of mass spectrometric profiles (raw spectra) of different Trichophyton (T.) erinacei-isolates cultured in liquid Sabouraud-2% Dextrose-broth over-night with gentle rotation at room temperature (liquid, over-night) and on solid agar plates for 3d at 28°C (solid, 3d) are shown. Species identity was confirmed by sequencing of the ITS region of fungal rDNA. Overall, the mass spectrometric profiles were very similar for both cultivation methods. For some isolates grown in liquid media, more and/or more intense peaks were observed in the lower mass range (indicated by the black parenthesis). On the other hand, a peak at around 7300 m/z (black box) was predominantly found in solid cultures. However, a cluster of peaks around 4000 m/z (blue box) seems somewhat species specific for T. erinacei since it was found in most examined isolates regardless of the cultivation method.



The subsequent quality control of these raw spectra for MSP creation was performed using the FlexAnalysis software (version 3.4.79.0; Bruker Daltonik GmbH) and included baseline correction, smoothing and peak filtering. MSPs were created by combining the remaining raw spectra that fulfilled the quality requirements using the “MSP creation” function of the MBT Compass Explorer software (Bruker Daltonik GmbH). Afterwards, they were scored by the “Start Identification” function (MBT Compass Explorer; Bruker Daltonik GmbH) through comparison to the above-mentioned libraries and own library-entries after MSP creation.

A score-oriented distance dendrogram based on the mass spectrometric data of MSPs (intensity [arbitrary units]/mass-to-charge-ratio) was generated to identify similarities and clusters of the fungi isolated during this study and during routine human and veterinary diagnostics (Distance Measure Correlation mode, MBT Compass Explorer, Bruker Daltonik GmbH; Figure 5).




Figure 5 | A score-oriented distance dendrogram based on the mass spectrometric data (MSP) was generated to identify similarities and clusters of closely related zoophilic and geophilic dermatophytes (Distance Measure Correlation mode, MBT Compass Explorer, Bruker Daltonik GmbH). Isolates of Trichophyton (T.) erinacei, Arthroderma (A.) spp. as well as others from the genera Trichophyton and Microsporum, respectively, from animal (vet, vac) and human patients (hum) were included (ref - reference, derived from NCBI database). The different species cluster in two main clades: the lower one comprises geophilic isolates only, i.e. A. insingulare, A. quadrifidum, A. chiloniense and A. crocatum. The isolates of A. tuberculatum group into the upper clade but therein in the lowest position, i.e. closest to the other Arthroderma spp. The upper clade further comprises the Trichophyton spp. and the M. canis-isolates (and S. brevicaulis). All T. erinacei, T. verrucosum and T. benhamiae-isolates form one subclade indicating their close relation. Species identity was previously confirmed by sequencing of the ITS region of fungal rDNA.






Results


ITS-Based Identification and Phylogenetic Analysis of Dermatophytes

From the cohort of 50 hedgehog-samples of suspected dermatophytoses, 17 samples (34%) gave rise to fungal colonies on SDA or MDA and were subjected to species identification by MALDI-TOF MS and ITS sequencing. None of these cultures were identified using MALDI-TOF MS in the first place (samples were read but not identified; note: in 2018/2019, the above-mentioned internal libraries “BDAL” and “Filamentous Fungi” did not contain MSP of the later identified species). Due to uncharacteristic macro- and micromorphologies as exemplified in Figure 1, an unambiguous identification by phenotypic traits was also not possible. Therefore, species identity was analyzed by PCR, ITS sequencing and similarity searches revealing the most common causative agent of hedgehog-dermatophytosis, namely T. erinacei (n = 8; 16% of the total sample size), and five different Arthroderma spp. (n = 9; 18%) being rare geophiles (Arthroderma (A.) crocatum, A. quadrifidum, A. insingulare, A. tuberculatum, A. chiloniense; Table 1).

A dendrogram based on these ITS sequences was compiled to show similarities between the analyzed dermatophytes (Figure 2). Generally, each species formed an own subclade. Different origins of isolation, i.e. human-derived (hum) or from veterinary practice (vet – veterinary; vac - vaccine strain) were not reflected. The tree comprised two main clades: the upper one contained all Arthroderma spp., the lower one all isolates of the genera Trichophyton and Microsporum. The latter formed individual subclades in the lower main clade. T. benhamiae and T. erinacei as well as T. mentagrophytes and T. quinckeanum were separated in distinct subclades. Overall, the ITS-based dendrogram is in agreement with reliable identification. However, in the case of species identification with the genus Arthroderma this identification relies only on ITS sequences deposited in the NCBI database.



MALDI-TOF MS Identification of Dermatophytes

Based on the sequencing results, MSPs of all of the above-mentioned 17 cultures were created and deposited in the in-house library to facilitate future identification. We obtained best quality raw spectra from the double-measurement of at least 12 replicates of the same protein extraction (at least 24 raw spectra) rather than triplicate measurements of 8 replicates (as recommended by the manufacturer). More measurements per spot lead to less identical raw spectra that would less likely pass quality control. Moreover, with our method using less measurements per spot, the manufacturer-recommended minimal number of raw spectra for the creation of reliable MSPs (n = 20) was usually obtained.

During further analyses, multiple measurements of cultures gave rise to spectra of varying quality and to variable scores. To find out whether the poorer scores resulted from different culture conditions (solid vs. liquid) or incubation periods (over-night vs. several days), selected dermatophyte isolates were cultured with both methods and measured after different incubation times (Supplementary Table 1). The cultivation on solid media was conducted using the above-mentioned filter papers to reduce contamination of the spectra by agar traces. Noteworthy, fresh subcultures were investigated which generally show faster initial growth in comparison to primary cultures of clinical samples. Using the afore-mentioned Bruker libraries only, some of the tested dermatophyte species were not identified correctly, e.g. T. verrucosum or T. benhamiae, and often with scores at or below the cutoff value for “probable genus identification” recommended by the manufacturer (≤ 1.7). Liquid cultures mostly obtained higher scores compared to time-matched solid cultures (Supplementary Table 1). On the other hand, M. canis was identified correctly with the internal Bruker libraries after growth of subcultures up to 5d using solid and liquid media (Supplementary Table 1). However, T. verrucosum IBML C005 was misidentified as T. erinacei with scores above 2 using the Bruker database after cultivation on solid medium (not recommended by Bruker; Supplementary Table 1).

Applying the in-house library, a “secure genus identification, probable species identification” with scores ≥ 2.0 was usually computed for all cultures of T. verrucosum, T. benhamiae, T. erinacei and M. canis grown in liquid and on solid media likewise, provided relatively fresh cultures (up to 5d of growth) were used and time- and cultivation-matched MSPs were included prior (Supplementary Table 1). Older cultures were more often attributed with poorer scores or not identified at all although the most elaborate procedure of sample preparation for MALDI-TOF MS measurements (i.e. extraction) was performed (data not shown).

Comparing the three different procedures for sample preparation recommended by the manufacturer (direct transfer vs. extended direct transfer vs. extraction), generally, we found the extraction method for dermatophytes most successful and hence implemented it for all MALDI-TOF MS measurements for daily diagnostics. Direct and extended direct transfer with the addition of formic acid to the sample on the target plate mostly lead to “no peaks” and repeated measurements; the modified extended direct transfer method as described above often yielded correct species identification but sometimes slightly poorer scores than the extraction procedure (data not shown).

Taking a closer look at the raw spectra of some T. erinacei-isolates of the current study, liquid cultivation resulted in more and/or more intense peaks, particularly in the lower mass range up to 4000 m/z (Figure 4, T. erinacei Ig39 (liquid, over-night) and T. erinacei Ig40 (liquid, over-night), black parentheses). However, that was not seen uniformly for all tested isolates of this particular species. On the other hand, a cluster of peaks around 4000 m/z seems somewhat species specific since this arrangement was seen in most examined isolates (Figure 4, blue box). Interestingly, spectra resulting from cultures grown on solid media exhibited a peak at around 7300 m/z which was not seen in spectra derived from liquid cultures (Figure 4, black box).

In summary, growth time and culture condition have an influence on individual raw spectra but not so much on computed scores and species identification if relatively fresh cultures are analyzed.



Distance Dendrogram Based on MALDI-TOF MS

For similarity and cluster analyses, MSPs were used to generate a score-oriented distance dendrogram that is depicted in Figure 5. Some of the current isolates of T. erinacei and Arthroderma spp. (all marked with “Ig”, Figure 5) as well as other closely related Trichophyton spp. and M. canis-isolates from animal and human patients were included in this analysis. Scopulariopsis (S.) brevicaulis was chosen as presumed outgroup. The species cluster in two main groups of which the lower one comprises geophilic isolates only, i.e. A. insingulare, A. quadrifidum, A. chiloniense and A. crocatum. The isolates of A. tuberculatum group into the upper clade but therein in the lowest position, i.e. closest to the other Arthroderma spp. Apart from that, the upper clade consists of different Trichophyton spp., the M. canis-isolates and S. brevicaulis. All T. erinacei, T. verrucosum and T. benhamiae-isolates form one subclade indicating their close relation.




Discussion

MALDI-TOF MS previously proofed a rapid, accurate and reliable method for the identification of microorganisms in clinical settings and basic research. In the last years, the spectrum of species that are readily identifiable increased substantially due to technical refinements, methodological adaptations and constant extension of reference databases (Cassagne et al., 2016). Here, we can report of a good MALDI-TOF MS performance for the identification of the most common zoophilic dermatophyte M. canis (Nenoff et al., 2014b). However, when it comes to less frequent or uncommon causative agents, MALDI-TOF MS still reaches its limits quickly due to incomplete reference data bases (Croxatto et al., 2012; Biswas and Rolain, 2013; Sacheli et al., 2020).

Recollecting from our recent routine laboratory diagnostics, of the zoophilic dermatophytes only M. canis was identified reliably with trustworthy scores (n = 10, score ≥ 2.0) and identical next best hits using the provided libraries (BDAL, Filamentous Fungi, Bruker Daltonik GmbH). Supposedly, the high number of deposited spectra of different M. canis-isolates (n = 11; 11/20/2020) enables this fast and correct identification. For T. erinacei, the most common causative agent of dermatophytoses in hedgehogs, the latter was difficult probably because as few as two reference spectra were only recently introduced to the Bruker libraries.

Within the Bruker MALDI-TOF MS system, the libraries are based on an isolate-specific reference approach in which spectral data are computed from replicates of the same isolate. Different references are not linked and do not influence each other as opposed to the taxonomical group-specific approach pursued by other systems, e.g. Axima@Saramis (Shimadzu/AnagnosTec, Duisburg, Germany) and Vitek MS (bioMérieux, Marcy‐l´étoile, France). Although this isolate-specific approach relies on the correct species identification prior to deposition in the library, it enables the entry of new, customized references immensely, which is a huge advantage in speeding up routine workflows (Cassagne et al., 2016). After creation of MSPs of the above-mentioned T. erinacei-isolates and deposition in the in-house library, identification of such samples became a lot more successful. A designated, larger test cohort comprising among others different zoophilic dermatophytes not used for MSP creation will be assessed in the near future to confirm the reliability of the in-house library in a broader context.

Interestingly, although the Bruker databases comprised quite a few spectra of the genus Arthroderma, our samples were not identified in the first place; only DNA sequencing provided full account of the different Arthroderma spp. Dermatophytoses is often asymptomatic in hedgehogs (66% in our cohort) but if spines are affected and ultimately lost, it may also be lethal and demands special medical attention including the correct identification of disease-causing agents (Weishaupt et al., 2014; Abarca et al., 2017). Moreover, since pet-hedgehogs have increased in popularity, the transmission of T. erinacei-infections to humans is also increasingly reported (Abarca et al., 2017; Gebauer et al., 2018; Kargl et al., 2018; Wiegand et al., 2019). The genus Arthroderma comprises anthropophilic, zoophilic and geophilic species as well (de Hoog et al., 2017), rendering a zoonotic transmission and human infection also highly likely.

We ascribe the unexpected multitude of dermatophyte species isolated from the hedgehogs in our study to their way of life. However, the high prevalence in this cohort of animals might also be related to their poor health status.

Critical factors for MALDI-TOF MS-based dermatophyte identification include cultural features (media, incubation time) and sample preparation (method, matrix) as well as dermatophyte (species resolution, taxonomy) and mass spectrometer/system characteristics (instrument, library; L’Ollivier and Ranque, 2017).

Concerning the media used, although one might expect different protein expression profiles of dermatophytes grown on different media as a thigmotropic or nutritional response to certain environmental conditions, many studies describe no or negligible effects of different media compositions on the MALDI-TOF-MS identification performance (Theel et al., 2011; L’Ollivier et al., 2013; Bartosch et al., 2018). However, to the best of our knowledge, this is the first study describing the comparison of solid vs. liquid media formulations.

In our study, the usage of liquid media for species identification and/or MSP generation did not prove superior to solid media covered with a filter paper. Spectra obtained from both growth conditions were equally well identified using the in-house library and, hence, the more fastidious liquid culture method was not pursued further. This is mainly due to handling inquiries during sample preparation, e.g. even multiple centrifugation steps did not ensure complete removal of culture media and washing buffer. Also, for some isolates no growth was observed even after a prolonged incubation time. We agree furthermore with our colleagues that 1) contaminations are not as easily identified in liquid cultures and 2) this procedure seems inconvenient to be integrated into a routine workflow for fast diagnostics (Lau et al., 2019; Sacheli et al., 2020). Indeed, for some isolates more and/or more intense peaks/spectrum were obtained which might result in a higher specificity for MSP creation but this was not seen generally. In accordance with others, our study proves that cultures grown on solid media also produce high-quality spectra and good identification scores (Respinis et al., 2014; Sacheli et al., 2020). The filter paper ensured neat sampling of merely fungal material without protraction of agar and proved a fast and cost-effective alternative to other commercially available growth media provided with a membrane, as e.g. ID-fungi plates (IDFP; Conidia, Quincieux, France). Indeed, these plates were described to promote faster growth of filamentous fungi due to an optimized composition and pH (Heireman et al., 2020) but we did not notice any growth difficulties with the isolates tested during our study. Even T. verrucosum, which is especially slow growing and demanding (Kane and Smitka, 1978), could be harvested unproblematically already after a few days of cultivation. Nevertheless, IDFP might represent an alternative for otherwise fastidious isolates with special nutritional requirements.

Regarding the incubation time of dermatophyte cultures, in accordance with others we observed better identification scores with younger cultures (over-night in liquid broth or up to 5d on solid media; L’Ollivier et al., 2013). We attribute this to the fact that all entries in the relevant Bruker libraries are established using cultures handled according to the “Liquid Cultivation Procedure”, i.e. only over-night-incubation probably leading to more similar protein expression profiles to younger cultures (pers. comm. with Bruker Daltonik GmbH). The reliable identification after such short incubation times - before characteristic morphological traits of fungi are displayed - is one of the main advantages of MALDI-TOF MS (L’Ollivier et al., 2013). Interestingly, others report of higher identification rates with older cultures (up to 14d of incubation) which might be explained with the production of secondary metabolites that are usually only found in mature cultures (Coulibaly et al., 2011; Packeu et al., 2014). We therefore recommend to include cultures of the relevant species of different incubation times into one’s own library to circumvent these complications.

Both dendrograms, i.e. based on ITS-sequences and on MSP data, support the often-described close relation of dermatophytes altogether and within the different genera (de Hoog et al., 2017).

Two main clades are formed in both trees separating geophilic and zoophilic dermatophyte species almost completely. In the MALDI-TOF MS dendrogram, the majority of the geophilic species cluster in the lower clade; the A. tuberculatum-isolates are located directly next to this clade and, in terms of subclades, separated from the zoophilic species. In the ITS-dendrogram, the separation between geophiles and zoophiles is even sharper with both groups forming distinct subclades.

Here, furthermore, each species forms its own subclade; this is also seen in the MALDI-TOF MS dendrogram apart from T. verrucosum with one isolate clustering together with the veterinary T. erinacei-isolates. However, the nested arrangement of T. erinacei, T. verrucosum and T. benhamiae together in one subcluster in the MSP-dendrogram underlines their close interspecies-relation which is not only seen in other proteome analyses (Bartosch et al, 2018) but also reported in other genomic studies (Gräser et al., 2008; Baumbach et al., 2020). Furthermore, the latter is also supported by the current ITS-tree in which these three species form one common subclade as well.

T. mentagrophytes forms a subclade with T. quinckeanum in both trees; the latter was only recently separated from the T. mentagrophytes-complex and classified as an independent species rather than a variant (Uhrlaß et al., 2018).

Interestingly, their seems to be a close relation to M. canis as well since the latter isolates are found in close proximity to T. mentagrophytes and T. quinckeanum in both trees.

In the MALDI-TOF MS dendrogram, the T. erinacei-isolates subcluster according to the host they were isolated from, i.e. all veterinary and all human isolates form distinct subclades. Also, A. insingulare and A. crocatum show this separation according to the origin of isolation. This phenomenon is not observed in the current ITS-dendrogram and was also not seen in a previous study with T. benhamiae-isolates derived from human patients and infected guinea pigs (Baumbach et al., 2020). However, for T. erinacei this may be explained with the different geographical sampling sites of these isolates (human: Central Germany; hedgehog: Hannover area).

The overall distribution and organization in common subclades among the Arthroderma-isolates is very similar in both dendrograms: A. chiloniense and A. crocatum form a common subclade as well as A. insingulare and A. quadrifidum; as mentioned before, the A. tuberculatum-isolates are somewhat separated from the other Arthroderma spp. Brasch et al. identified a rather remote position for A. quadrifidum and, furthermore, quite a distance between the former and A. insingulare in another ITS-based phylogenetic analysis but they included only one isolate of each investigated species (Brasch et al., 2019). However, similar to the zoophilic dermatophyte, the interspecific sequence divergence in the genus Arthroderma does not exceed 2% (Brasch et al., 2019).

Although S. brevicaulis is a mold of the Microascus genus, it was grouped into one of the main clades of the MSP-dendrogram and not as a real outgroup. S. brevicaulis is regularly isolated from nail infections and, hence, typically associated with mold-related onychomycosis; keratinolytic activities are well reported (Issakainen et al., 2007; Macura and Skóra, 2015). Although the majority of the extracted proteins for MALDI-TOF MS are ribosomal proteins rather than secreted proteases, this similar lifestyle compared to dermatophytes may explain the position of S. brevicaulis in the dendrogram.

In conclusion, our results suggest that MALDI-TOF MS is a suitable method for the identification and differentiation of zoophilic dermatophytes provided that the reference library is supplemented with laboratory-relevant species, underrepresented and uncommon taxa, and sufficient isolates per species to circumvent the observed intraspecies diversity and cultivation variations (Theel et al., 2011; Croxatto et al., 2012; Respinis et al., 2013; L’Ollivier and Ranque, 2017).To further improve identification rates, we recommend taking the list of the next best hits from the mass spectrometer identification score matching chart into consideration to conclude secured results. Furthermore, combination with ITS sequencing is advisable in critical cases.



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: https://www.ncbi.nlm.nih.gov/genbank/, MN961146-961147; MN974534-974539.



Ethics Statement

Ethical review and approval was not required for the animal study because the herein described isolates of wild hedgehogs were obtained from samples taken after submission of the animals to the clinic showing a poor general health condition or injuries after accidents (Erinaceus europaeus, asymptomatic and symptomatic; sampled in 2018 by the Clinic for Small Mammals, Reptiles and Birds, University of Veterinary Medicine Hannover, Hannover, Germany). Sampling ensued from recently deceased or –if medically indicated- euthanized animals (approval by an animal ethics committee not needed).



Author Contributions

C-MB: fungal culture, data analysis, writing of original and revised draft, creation of figures. SM: fungal culture, MALDI-TOF MS measurements, creation of MSPs and score-oriented dendrogram, data analysis. MR: conceptualization of the study, sampling. PN: species identification by PCR and sequencing, supervision and administration. SU: fungal culture, species identification by PCR, sequencing and creation of ITS-based dendrogram, deposition of cultures and sequences in the DSMZ and NCBI BLASTn database, respectively. CB: conceptualization, supervision and administration. WS: conceptualization and experimental design, supervision and administration, optimization of fungal culture, MSP creation, data analysis. All authors contributed to the article and approved the submitted version.



Funding

Self-funded study. The authors acknowledge support from the German Research Foundation (DFG) and Leipzig University within the program of Open Access Publishing.



Acknowledgments

We are grateful for the comprehensive technical and software support of Bruker Daltonik GmbH.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.631681/full#supplementary-material



References

 Abarca, M. L., Castellá, G., Martorell, J., and Cabañes, F. J. (2017). Trichophyton erinacei in Pet Hedgehogs in Spain: Occurrence and Revision of Its Taxonomic Status. Med. Mycol. 55 (2), 164–172. doi: 10.1093/mmy/myw057

 Bartosch, T., Heydel, T., Uhrlaß, S., Nenoff, P., Müller, H., Baums, C. G., et al. (2018). MALDI-TOF MS Analysis of Bovine and Zoonotic Trichophyton Verrucosum Isolates Reveals a Distinct Peak and Cluster Formation of a Subgroup With Trichophyton benhamiae. Med. Mycol. 56 (5), 602–609. doi: 10.1093/mmy/myx084

 Baumbach, C. M., Michler, J. K., Nenoff, P., Uhrlaß, S., and Schrödl, W. (2020). Visualising Virulence Factors: Trichophyton benhamiaes Subtilisins Demonstrated in a Guinea Pig Skin Ex Vivo Model. Mycoses 63 (9), 970–978. doi: 10.1111/myc.13136

 Biswas, S., and Rolain, J.-M. (2013). Use of MALDI-TOF Mass Spectrometry for Identification of Bacteria That are Difficult to Culture. J. Microbiol. Methods 92 (1), 14–24. doi: 10.1016/j.mimet.2012.10.014

 Brasch, J., Beck-Jendroschek, V., Voss, K., Yurkov, A., and Gräser, Y. (2019). Arthroderma chiloniense sp. nov. Isolated From Human Stratum Corneum: Description of a New Arthroderma Species. Mycoses 62, 73–80. doi: 10.1111/myc.12850

 Carbonnelle, E., Mesquita, C., Bille, E., Day, N., Dauphin, B., Beretti, J.-L., et al. (2011). MALDI-TOF Mass Spectrometry Tools for Bacterial Identification in Clinical Microbiology Laboratory. Clin. Biochem. 44 (1), 104–109. doi: 10.1016/j.clinbiochem.2010.06.017

 Cassagne, C., Normand, A.-C., L’Ollivier, C., Ranque, S., and Piarroux, R. (2016). Performance of MALDI-TOF MS Platforms for Fungal Identification. Mycoses 59 (11), 678–690. doi: 10.1111/myc.12506

 Chermette, R., Ferreiro, L., and Guillot, J. (2008). Dermatophytoses in Animals. Mycopathologia 166 (5-6), 385–405. doi: 10.1007/s11046-008-9102-7

 Coulibaly, O., Marinach-Patrice, C., Cassagne, C., Piarroux, R., Mazier, D., and Ranque, S. (2011). Pseudallescheria/Scedosporium Complex Species Identification by Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry. Med. Mycol 49 (6), 621–626.

 Croxatto, A., Prod’hom, G., and Greub, G. (2012). Applications of MALDI-TOF Mass Spectrometry in Clinical Diagnostic Microbiology. FEMS Microbiol. Rev. 36 (2), 380–407. doi: 10.1111/j.1574-6976.2011.00298.x

 de Hoog, G. S., Dukik, K., Monod, M., Packeu, A., Stubbe, D., Hendrickx, M., et al. (2017). Toward a Novel Multilocus Phylogenetic Taxonomy for the Dermatophytes. Mycopathologia 182 (1-2), 5–31. doi: 10.1007/s11046-016-0073-9

 Ferguson, L., and Fuller, L. C. (2017). Spectrum and Burden of Dermatophytes in Children. J. Infection 74, S54–S60. doi: 10.1016/S0163-4453(17)30192-5

 Gebauer, S., Uhrlass, S., Koch, D., Krüger, C., Rahmig, N., Hipler, U.-C., et al. (2018). Painful Circumscribed Bullous Dermatosis of the Left Hand After Contact With African Four-Toed Hedgehogs. JDDG 16 (6), 787–790. doi: 10.1111/ddg.13536

 Gräser, Y., Scott, J., and Summerbell, R. (2008). The New Species Concept in Dermatophytes—a Polyphasic Approach. Mycopathologia 166 (5), 239. doi: 10.1007/s11046-008-9099-y

 Havlickova, B., Czaika, V. A., and Friedrich, M. (2008). Epidemiological Trends in Skin Mycoses Worldwide. Mycoses 51 (Suppl 4), 2–15. doi: 10.1111/j.1439-0507.2008.01606.x

 Heireman, L., Patteet, S., and Steyaert, S. (2020). Performance of the New ID-Fungi Plate Using Two Types of Reference Libraries (Bruker and MSI) to Identify Fungi With the Bruker MALDI Biotyper. Med. Mycol 58 (7), 946–957. doi: 10.1093/mmy/myz138

 Issakainen, J., Heikkilä, H., Vainio, E., Koukila-Kähkölä, P., Castren, M., Liimatainen, O., et al. (2007). Occurrence of Scopulariopsis and Scedosporium in Nails and Keratinous Skin. a 5-Year Retrospective Multi-Center Study. Med. Mycol 45 (3), 201–209.

 Juiz, P. M., Almela, M., Melción, C., Campo, I., Esteban, C., Pitart, C., et al. (2012). A Comparative Study of Two Different Methods of Sample Preparation for Positive Blood Cultures for the Rapid Identification of Bacteria Using MALDI-TOF MS. Eur. J. Clin. Microbiol. Infect. Dis. 31 (7), 1353–1358. doi: 10.1007/s10096-011-1449-x

 Kane, J., and Smitka, C. (1978). Early Detection and Identification of Trichophyton verrucosum. J. Clin. Microbiol. 8 (6), 740–747.

 Kargl, A., Kosse, B., Uhrlaß, S., Koch, D., Krüger, C., Eckert, K., et al. (2018). gelpilze in Einer Münchner Hautarztpraxis: Fallbeschreibungen Und Übersicht. Hautarzt 69 (7), 576–585. doi: 10.1007/s00105-018-4134-5

 Kumar, S., Stecher, G., Li, M., Kyaz, C., and Tamura, K. (2018). Mega X: Evolutionary Genetics Analysis Across Computing Platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

 Lau, A. F., Walchak, R. C., Miller, H. B., Slechta, E. S., Kamboj, K., Riebe, K., et al. (2019). Multicenter Study Demonstrates Standardization Requirements for Mold Identification by MALDI-TOF MS. Front. Microbiol. 10, 2098. doi: 10.3389/fmicb.2019.02098

 L’Ollivier, C., Cassagne, C., Normand, A.-C., Bouchara, J.-P., Contet-Audonneau, N., Hendrickx, M., et al. (2013). a MALDI-TOF MS Procedure for Clinical Dermatophyte Species Identification in the Routine Laboratory. Med. Mycol. 51 (7), 713–720. doi: 10.3109/13693786.2013.781691

 L’Ollivier, C., and Ranque, S. (2017). Maldi-Tof-Based Dermatophyte Identification. Mycopathologia 182 (1–2), 183–192. doi: 10.1007/s11046-016-0080-x

 Mackenzie, D. W. R. (1963). “Hairbrush Diagnosis” in Detection and Eradication of Non-Fluorescent Scalp Ringworm. BMJ 2 (5353), 363–365.

 Macura, A. B., and Skóra, M. (2015). 21-Year Retrospective Study of the Prevalence of Scopulariopsis Brevicaulis in Patients Suspected of Superficial Mycoses. Postepy Dermatol. Alergol. 32 (3), 189–194. doi: 10.5114/pdia.2014.40965

 Nenoff, P., Erhard, M., Simon, J. C., Muylowa, G. K., Herrmann, J., Rataj, W., et al. (2013). MALDI-TOF Mass Spectrometry - a Rapid Method for the Identification of Dermatophyte Species. Med. Mycol. 51 (1), 17–24. doi: 10.3109/13693786.2012.685186

 Nenoff, P., Krüger, C., Ginter-Hanselmayer, G., and Tietz, H.-J. (2014b). Mycology - an Update. Part 1: Dermatomycoses: Causative Agents, Epidemiology and Pathogenesis. JDDG 12 (3), 188–212.

 Nenoff, P., Uhrlaß, S., Krüger, C., Erhard, M., Hipler, U.-C., Seyfarth, F., et al. (2014a). Trichophyton Species of Arthroderma benhamiae - a New Infectious Agent in Dermatology. JDDG 12 (7), 571–581.

 Packeu, A., Bel, A., l’Ollivier, C., Ranque, S., Detandt, M., and Hendrickx, M. (2014). Fast and Accurate Identification of Dermatophytes by Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry: Validation in the Clinical Laboratory. J. Clin. Microbiol. 52 (9), 3440–3443. doi: 10.1128/JCM.01428-14

 Respinis, S., Monnin, V., Girard, V., Welker, M., Arsac, M., Cellière, B., et al. (2014). Matrix-Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) Mass Spectrometry Using the Vitek MS System for Rapid and Accurate Identification of Dermatophytes on Solid Cultures. J. Clin. Microbiol. 52 (12), 4286–4292. doi: 10.1128/JCM.02199-14

 Respinis, S., Tonolla, M., Pranghofer, S., Petrini, L., Petrini, O., and Bosshard, P. P. (2013). Identification of Dermatophytes by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry. Med. Mycol 51 (5), 514–521. doi: 10.3109/13693786.2012.746476

 Sacheli, R., Henri, A.-S., Seidel, L., Ernst, M., Darfouf, R., Adjetey, C., et al. (2020). Evaluation of the New Id-Fungi Plates From Conidia for MALDI-TOF MS Identification of Filamentous Fungi and Comparison With Conventional Methods as Identification Tool for Dermatophytes From Nails, Hair and Skin Samples. Mycoses 63 (10), 1115–1127. doi: 10.1111/myc.13156

 Sharma, R., Rajak, R. C., Pandey, A. K., and Gräser, Y. (2006). Internal Transcribed Spacer (ITS) of Rdna of Appendaged and Non-Appendaged Strains of Microsporum Gypseum Reveals Microsporum Appendiculatum as Its Synonym. Antonie Van Leeuwenhoek 89 (1), 197–202. doi: 10.1007/s10482-005-9018-x

 Tamura, K., and Nei, M. (1993). Estimation of the Number of Nucleotide Substitutions in the Control Region of Mitochondrial DNA in Humans and Chimpanzees. Mol. Biol. Evol. 10, 512–526.

 Theel, E. S., Hall, L., Mandrekar, J., and Wengenack, N. L. (2011). Dermatophyte Identification Using Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry. J. Clin. Microbiol. 49 (12), 4067–4071. doi: 10.1128/JCM.01280-11

 Uhrlaß, S., Schroedl, W., Mehlhorn, C., Krüger, C., Hubka, V., Maier, T., et al. (2018). Molecular Epidemiology of Trichophyton quinckeanum - a Zoophilic Dermatophyte on the Rise. JDDG 16 (1), 21–32. doi: 10.1111/ddg.13408

 van Veen, S. Q., Claas, E. C. J., and Kuijper, E. J. (2010). High-Throughput Identification of Bacteria and Yeast by Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry in Conventional Medical Microbiology Laboratories. J. Clin. Microbiol. 48 (3), 900–907. doi: 10.1128/JCM.02071-09

 Weishaupt, J., Kolb-Mäurer, A., Lempert, S., Nenoff, P., Uhrlaß, S., Hamm, H., et al. (2014). A Different Kind of Hedgehog Pathway: Tinea Manus Due to Trichophyton erinacei Transmitted by an African Pygmy Hedgehog (Atelerix Albiventris). Mycoses 57 (2), 125–127. doi: 10.1111/myc.12113

 Weitzman, I., and Summerbell, R. C. (1995). The Dermatophytes. Clin. Microbiol. Rev. 8 (2), 240–259. doi: 10.1128/CMR.8.2.240

 Wiegand, C., Burmester, A., Tittelbach, J., Darr-Foit, S., Goetze, S., Elsner, P., et al. (2019). Dermatophytosen, Verursacht Durch Seltene Anthropophile Und Zoophile Erreger. Hautarzt 70 (8), 561–574. doi: 10.1007/s00105-019-4429-1



Conflict of Interest: The 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.

Copyright © 2021 Baumbach, Müller, Reuschel, Uhrlaß, Nenoff, Baums and Schrödl. 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.




ORIGINAL RESEARCH

published: 22 June 2021

doi: 10.3389/fcimb.2021.656880

[image: image2]


Accurate Identification of Closely Related Mycobacterium tuberculosis Complex Species by High Resolution Tandem Mass Spectrometry


Amol O. Bajaj 1*, Suraj Saraswat 1†, Juha E. A. Knuuttila 2, Joanna Freeke 3,4, J. Benjamin Stielow 3,4 and Adam P. Barker 1*


1 Research & Development, Associated Regional and University Pathologists, Inc. (ARUP) Institute for Clinical and Experimental Pathology, Salt Lake City, UT, United States, 2 Research & Development, Thermo Fisher Scientific, Helsinki-Vantaa, Finland, 3 Centre for Infectious Diseases, Radboud University Medical Center (UMC), Nijmegen, Netherlands, 4 Research & Development, Thermo Fisher Scientific, Landsmeer, Netherlands




Edited by: 
Di Xiao, National Institute for Communicable Disease Control and Prevention (China CDC), China

Reviewed by: 
Motlatso Tiny Hlokwe, Onderstepoort Veterinary Institute (ARC-SA), South Africa
 Keyvan Tadayon, Razi Vaccine and Serum Research Institute, Iran

*Correspondence: 
Adam P. Barker
 adam.barker@aruplab.com
 Amol O. Bajaj
 amol.bajaj@aruplab.com

†Present address: 
Suraj Saraswat, Pivotal group, Attribute Sciences, Amgen, Thousand Oaks, CA, United States

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


Received: 21 January 2021

Accepted: 07 May 2021

Published: 22 June 2021

Citation:
Bajaj AO, Saraswat S, Knuuttila JEA, Freeke J, Stielow JB and Barker AP (2021) Accurate Identification of Closely Related Mycobacterium tuberculosis Complex Species by High Resolution Tandem Mass Spectrometry. Front. Cell. Infect. Microbiol. 11:656880. doi: 10.3389/fcimb.2021.656880



Rapid and accurate differentiation of Mycobacterium tuberculosis complex (MTBC) species from other mycobacterium is essential for appropriate therapeutic management, timely intervention for infection control and initiation of appropriate health care measures. However, routine clinical characterization methods for Mycobacterium tuberculosis (Mtb) species remain both, time consuming and labor intensive. In the present study, an innovative liquid Chromatography-Mass Spectrometry method for the identification of clinically most relevant Mycobacterium tuberculosis complex species is tested using a model set of mycobacterium strains. The methodology is based on protein profiling of Mycobacterium tuberculosis complex isolates, which are used as markers of differentiation. To test the resolving power, speed, and accuracy of the method, four ATCC type strains and 37 recent clinical isolates of closely related species were analyzed using this new approach. Using different deconvolution algorithms, we detected hundreds of individual protein masses, with a subpopulation of these functioning as species-specific markers. This assay identified 216, 260, 222, and 201 proteoforms for M. tuberculosis ATCC 27294™, M. microti ATCC 19422™, M. africanum ATCC 25420™, and M. bovis ATCC 19210™ respectively. All clinical strains were identified to the correct species with a mean of 95% accuracy. Our study successfully demonstrates applicability of this novel mass spectrometric approach to identify clinically relevant Mycobacterium tuberculosis complex species that are very closely related and difficult to differentiate with currently existing methods. Here, we present the first proof-of-principle study employing a fast mass spectrometry-based method to identify the clinically most prevalent species within the Mycobacterium tuberculosis species complex.
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Introduction

Mycobacterium tuberculosis is responsible for one of the most devastating and chronic infectious diseases known to science and is an important and formidable human pathogen that has claimed nearly 1.2 million lives in 2019 (Andersen and Brennan, 1994). Approximately 10 million people were infected in 2019 and the pathogen can persist in a hidden form if undiagnosed for a long period of time within the human host (Bloom and Murray, 1992; WHO, 2020). Almost 10% of an infected population will progress to disease (active tuberculosis) following a latent period (from weeks to decades) (Bloom and Murray, 1992). Multidrug-resistant tuberculosis has recently emerged (MDR-TB) and represents an enormous challenge to the public health system worldwide. Worldwide in 2019, close to half a million people developed rifampicin-resistant TB (RR-TB), of which 78% had multidrug-resistant TB (MDR-TB). The three countries with the largest share of the global burden were India (27%), China (14%) and the Russian Federation (8%) (WHO, 2020). The largest increase seen globally in the number of nontuberculosis mycobacterial (NTM) and MTBC infections was observed in patients who had already contracted the human immunodeficiency virus (HIV).

Mycobacterium tuberculosis complex encompasses a group of organisms of paramount clinical relevance that cause tuberculosis (TB) in humans and animals. TB in humans is caused mainly by M. tuberculosis comprising an enormous diversity of genetic lineages (e.g. including its formerly known M. africanum) but also by other members of MTBC. Zoonotic TB is caused by its less well understood animal-associated subspecies M. bovis, M. canetti, M. caprae, M. pinnipedii, M. suricattae, M. orygis, M. microti, and M. mungi (Gagneux and Small, 2007; Alexander et al., 2010; Gupta et al., 2018; Riojas et al., 2018; Lipworth et al., 2019). However, not all zoonotic MTBC species are nomenclatural validly published and MTBC taxonomy has been under constant scientific revision, with future changes being expected. Despite their genetically close relationship, they differ in epidemiology, pathogenicity, geographical range, host preference, and severity of tuberculosis disease in humans. Genetically, all members of this complex are highly conserved, possessing 99.9% similarity at the nucleotide level and identical 16S rRNA sequences (Peters et al., 2020). M. tuberculosis species, the most common pathogens in humans, can be further divided into genetic groups that also show differences in their levels of virulence, immunogenicity, and geographical distributions (Gagneux and Small, 2007). M. bovis BCG is one of the most common MTBC organisms found in clinical laboratory and is used to treat bladder cancer (DeGeorge et al., 2017; Larsen et al., 2020). M. bovis BCG is one of the most commonly administered vaccines and its complications include disseminated BCG disease which is rare but increasingly reported in immunodeficient children (Hesseling et al., 2007; Ritz et al., 2009). It is clinically important to differentiate MTBC members from other mycobacterium species considering the differences in resistance and treatment response rate to antibiotics (Scorpio and Zhang, 1996). The ability to distinguish between strict human and zoonotic tuberculosis and to trace source exposure during epidemiological studies is critical for the infection control process (Djelouadji et al., 2008).

Characterization of the proteome of MTBC is essential for differentiation at the species level with the proposed approach. It has been shown that during infection some expressed proteins vary during different stages of infection while others are present during the entire infection (Mehaffy et al., 2012). Some of the Mtb secreted proteins are essential for pathogenesis of the disease and can be potential targets for vaccine development (Brock et al., 2001). For example MtbHU (a small dimeric nucleoid-associated protein), HspX/14-kDa (α-crystalline homologue), the molecular chaperone GroEL2, and bacterioferritin (BfrB) are essential for growth and pathogenesis of Mtb and can serve as target for treatment (Bhowmick et al., 2014). Any delay in correct diagnosis and treatment may lead to sepsis and emergence of resistance to available drugs, this can be one of the driving forces for the search of new drugs that will take years or decades to develop. There are many known mechanisms of resistance such as possible mutations of the pncA and rpoB gene, hydrophobic and waxy cell wall composition, slow growth rate while dormant, capacity to suppress the host immune response, and an efficient efflux pump system (Scorpio and Zhang, 1996; Somoskovi et al., 2001; de Steenwinkel et al., 2010; Louw et al., 2011). Outside of these known resistance pathways there may be many unknown resistance mechanisms which need to be explored as well. Therefore, a rapid and accurate differentiation of closely related pathogens is crucial. However, most of the recent methods that are based on phenotypes, biochemical characteristics, nucleic acids, and molecular systems (Somoskovi et al., 2008) for MTBC species differentiation and identification have suboptimal diagnostic performance. In addition, next generation sequencing is laborious to perform (Hughes et al., 2012). Even MALDI-TOF, which has revolutionized the clinical microbiology identification of mycobacterium (Mather et al., 2014), could not discriminate MTBC species (particularly as IVD cleared test) (Chen et al., 2013; Lévesque et al., 2015).

In addition to the need of a more discerning assay, it is also essential to have a pre-analytical method to render the microbes non-viable. A unique incubation with pre-incubation solution (Thermo Fisher Scientific, proprietary) followed by rigorous mixing in buffered solution method was developed for inactivation of MTBC to overcome shortcomings of other inactivation methods such as heat treatment (Doig et al., 2002), exposure to lethal irradiation (Murdoch et al., 2012), multiple centrifugation and washing steps etc. In this study, we utilize micro (nano) flow liquid chromatography-mass spectrometry (LC-MS) to separate proteins from microbial extracts and analyze them in a high-resolution accurate mass (HRAM) orbitrap mass spectrometer. We used a workflow consisting of cell sonication, solid-phase extraction (SPE) purification, mass spectrometry, and computational algorithms to achieve our high identification accuracy for these organisms. The goal of the present study was to provide a proof-of-principle experiment employing orbitrap LC-MS for discrimination of mycobacterium species. This is the first study in which differentiation of the MTBC at a species level is achieved by employing a mass spectrometry driven approach with the potential to discriminate all types of closely related Mtb pathogens.



Materials and Methods


Strain Selection and Reference Identifications

Mycobacterium strains belonging to the species M. africanum (syn. M. tuberculosis; Genetic lineage), M. tuberculosis, M. bovis, M. bovis BCG and M. microti being of paramount clinical relevance were selected as representatives for the Mycobacterium tuberculosis complex). Although M. canetti, M. caprae, M. orygis, M. suricattae, M. pinnipedii, and M. mungi also form the MTBC, we excluded them in this study due occurrence as causative agents of rare zoonotic human TB infections and their partially unclarified taxonomic status. Key objective to this study was providing an initial proof-of-principle towards the diagnostic potential of our novel LC-MS assay only. Taxonomic anchors were defined by ATCC type material and selected for the subsequent analysis (M. tuberculosis ATCC 27294™, M. microti ATCC 19422™, M. africanum ATCC 25420™, and M. bovis ATCC 19210™ (Note: This type strain appears to be M. bovis BCG by ARUP internal PCR based validation). In addition, 37 recent US clinical isolates obtained by Associated Regional and University Pathologists (ARUP) laboratories (7 clinical isolate strains of M africanum, 10 M. tuberculosis, 10 M. bovis and 10 M. bovis BCG) were analyzed in order to assess assay robustness. ATCC type material was obtained pre-identified in accordance with ATCC identifications procedures; all other recent clinical isolates were identified by quantitative (real-time) PCR and meltcurve analysis with a multiplex probe set to obtain a reference identification (Pounder et al., 2010) prior to LC-MS data acquisition. All strains of recent clinical origin were collected throughout the year 2019 at ARUP laboratories, with no additional metadata being available (double blinded clinical identifiers).



Chemicals and Reagents

Optima LC-MS grade Water (H2O), Optima LC-MS grade acetonitrile (ACN), and Optima LC-MS grade formic acid (FA) were purchased from Fisher Scientific (Fair Lawn, NJ).



Sample Preparation


Preparation of Whole Cell Extracts (WCE) for M. tuberculosis Complex Species

ATCC strains and clinical isolates of M. tuberculosis complex were cultured on 7H11 agar plates for approximately 18-24 days in a CO2 incubator maintained at 37°C in a BSL3 laboratory. A 1 µL loopful of colonies was transferred into sonication vials (Thermo Fisher Scientific, proprietary). Subsequently the pre-incubation solution containing alcohol (Thermo Fisher Scientific, proprietary) was added to the cells at room temperature (RT, 20-25°C) and following a short centrifugation step (12,000 x g for 2 minutes at RT) the supernatant was discarded and then the pellet was suspended into 100 µL of incubation solution containing formic acid and acetonitrile (Thermo Fisher Scientific, proprietary). The cell lysate were incubated for 20 minutes (vortexed once at the 10-minute mark for 2 seconds), followed by sonication for one minute at 50% amplitude. Cells were diluted with 100 µL dilution buffer containing acetonitrile (Thermo Fisher Scientific, proprietary) and centrifuged for 5 minutes at 12,000 × g at RT. The supernatant was collected in low protein binding (LBE) Eppendorf tubes and stored at -80°C if not immediately used for LC-MS analysis.



RP4H SPE Protocol

The whole cell extract (WCE) was diluted with SPE buffer-1 (Thermo Fisher Scientific, proprietary) before Solid-Phase Extraction (SPE) cleanup. Reverse Phase monolith (RP4H) SPE tips (Thermo Fisher Scientific, proprietary) were placed in 96 well-plate and conditioned and equilibrated with 50 µL proprietary SPE buffer-2 (Thermo Fisher Scientific, proprietary), respectively. A centrifuge (Laboratory centrifuge 4-15C, Thermo Fisher, Osterode, Germany) capable of handling two 96 well-plates was used for centrifugation at 2000 × g for 2 minutes at RT. Diluted WCE (50 µL) was loaded into the SPE tips and centrifuged. The tips were washed with 50 µL of proprietary SPE buffer-3 and placed in liquid chromatography (modified Easy-1000, Thermo Fisher Scientific, proprietary) autosampler plate for further online elution and mass spectrometric analysis. Blanks were treated as negative controls and were prepared in a similar way as described above, instead of cell lysate water was added to the SPE tips.




LC-MS Analysis

All experiments were performed on a micro flow Liquid chromatography-Mass spectrometry (LC-MS) system. The liquid chromatography (LC) system was connected to a Q Exactive™ HF Orbitrap™ mass spectrometer (Thermo Fisher Scientific, San Jose, CA). Mobile phase A consisted of 0.2% FA, 10% ACN in H2O and mobile phase B consisted of 0.2% FA in ACN. Elution was done using gradient elution where after flow stabilization at 4 µL/min for 2%B, percent of B was increased to 33% B in 5 min. The LC and mass spectrometer were controlled by Xcalibur software version 3.0 (Thermo Fisher Scientific). The mass spectrometer was operated in positive electrospray ionization (+ ESI) mode. The general mass spectrometric conditions were: The spray voltage was set at 2.0 kV. The capillary temperature was 325°C and S-lens RF level was set to 65. The maximum injection time was 200 millisecond and 40 microscans were used. Automatic Gain Control (AGC) target was 3e6, resolution was 120,000 for MS. Intact protein MS mode was used with trapping gas pressure set to 0.2 and C-trap charge detection was set OFF. Mass analysis of proteins was performed in the range from 450 to 2000 m/z for full scan mode.



Data Processing and Species Identification

The raw data was deconvoluted (proprietary algorithm) in real time to monoisotopic masses (i.e. list of proteoforms). Subsequently, the data was processed with in-house algorithms for building of the database and identification of mycobacterium species. The individual data acquisition and processing steps are depicted in Figure 1. Each strain in the analysis was measured in two technical replicates for database construction and subsequent species prediction. Each ATCC strain in the analysis was also analyzed in six replicates (two technical replicates from three biological replicates) for the estimation of technical reproducibility of the sample processing and measurement.

Processing of the mass spectra was performed by Thermo Fisher proprietary software to deconvolute spectra in m/z space into monoisotopic protein masses between 5 and 40 kDa. Measured monoisotopic masses from each measurement were mass aligned to construct a list of consensus markers. One-way ANOVA was used to select top 200 consensus markers that have the most predictive value for the differentiation of the species. Species prediction was accomplished by a Thermo Fisher Scientific proprietary distance-based clustering algorithm. The robustness of species prediction was simulated by leave-one-out iterations where each sample was tested against a database constructed without data for the same strain (training and test dataset). The data will be made available on reasonable request.




Results


Inference and Determination of LC-MS Proteome Patterns

To verify whether different MTBC species show unique MS spectrum profiles, the masses of the deconvoluted proteoforms from each species were aligned to construct a list of consensus markers (clustering of monoisotopic masses). Subsequently, we could depict common (shared) proteoforms from deconvoluted spectrum profiles in order to determine visually common and non-common proteoforms (Figure 2). Unique masses per species were those masses present in all or most replicates of a given species and predominantly absent from replicates from other species. To verify whether different MTBC strains show similar mass spectral profiles, we analyzed 37 clinical isolates of MTBC with the depicted LC-MS analysis workflow (Figure 1). Consistent with the mass spectrum profiles obtained from the ATCC type strains, all clinical isolates exhibited a similar pattern (data not shown), which comprises common proteoforms ranging from 5 to 40 kDa. Accordingly, similar elution profiles and identified proteins, result in consistent species-specific proteome patterns.




Figure 1 | Schematic overview of sample processing, data acquisition and analysis steps employed in stepwise analysis of LC-MS Orbitrap data.





Differentiation of MTBC Species

We next evaluated whether the MS spectrum profile and common proteoforms obtained from different species within MTBC can differentiate the species within the complex. Based on the different expression of species-specific protein profiles (unique masses), we developed species-specific databases capable of rapidly differentiating MTBC at species level with very high identification accuracy.

As represented by the clustered monoisotopic masses which were visually depicted as heatmap in Figure 2, the unique protein signatures are successfully able to differentiate M. bovis and M. bovis BCG from other taxa of the MTBC in individual distinct monophyletic clusters. Similarly, M. tuberculosis and its genetic lineage syn. M. africanum as well M. microti are monophyletically differentiated based on unique protein profiles. The results of the mass clustering were in accordance with the alternative identification obtained by qPCR meltcurve analysis as described above under material and methods. However, a single M. tuberculosis isolates was falsely clustered among the M. africanum (sensu stricto) isolates. This misplaced isolate is obvious at the very left of the heatmap-depicted clustered monoisotopic masses (Figure 2). This result disagrees with our reference-based identification and can likely be explained by proteoforms which might be rarely expressed by atypical M. tuberculosis strains. This inconsistency will require further investigation with additional M. tuberculosis and M. africanum strains. Subsequently, the classification results returned from the training and test data definitions returned very high success rates for the clinically important species M. tuberculosis and M. bovis BCG, while M. africanum and M. bovis returned slightly inferior results (100% correct identification vs. 90% and 88% respectively). Reciprocally, identification success is lowered for M. africanum, by false hits against M. bovis but not M. tuberculosis and for M. bovis sensu stricto against M. bovis BCG. The results of the species prediction are given in Table 1. M. microti was excluded from the analysis due to representation of the type strain only (eg. training and test dataset as described under material and methods accordingly would be identical).




Figure 2 | Heat map generated for all 4 species analyzed indicating top-200 discriminatory proteoforms. Horizontal bar on top, indicates the color assignment for the type and non-type strains used in the study, horizontal bar below indicates species assignment alone for visual clarity (see legend). Mass spectrometry data is here depicted as a heatmap, where rows represent individual monoisotopic masses (deconvoluted protein masses) and columns individual strains (technical LC-MS replicates for each strain were merged to a single leaf in the horizontal dendrogram) of the study cohort. Data has been converted to a binary state, where presents of a protein mass in each strain (species) is encoded as 1 (red) and absents 0 (blue). The representation indicates proteoform overlap and non-overlap between strains among all species due to their closeness at species level. Unique proteoforms detected among individual species specifically enable the classification down to species level (Specific number of exclusive red blocks for a given taxon). Central red block of proteoforms is shared between the species of interest and is non-species specific (conserved). The dendrogram shows that the M. bovis and M. bovis BCG clinical isolates are split in two separate branches, allowing discrimination of these fundamentally different strains (non-BCG and BCG strains). Additional work is required to understand proteomic diversity of atypical isolates, considering that a reliable identification must ideally capture all clinically relevant variants of a given species as paramount criterion to microbial diagnostics.




Table 1 | Classification success for identification of clinically prevalent MTBC species.



Based on the different expression of species-specific protein patterns, we were capable to differentiate the clinically most prevailing species within the Mycobacterium tuberculosis complex down to species level. Differential proteoforms may serve as potential biomarkers for identifying these microorganisms in patient samples in additional confirmatory studies using clinical specimens. These results outline the potential to the employed LC-MS technology, as a first-line platform in the rapid and accurate identification of MTBC species in routine clinical microbiological laboratories.




Discussion

In this study, we evaluated the resolution power of LC-MS as a novel method to delineate clinically relevant closely related MTBC species as a model system for challenging identifications. Rapid and accurate identification of microbial infections is essential for accurate patient supervision. Especially for Mtb infection, differentiation of MTBC species is very critical for the accurate disease diagnosis, starting drug therapy, to control the spread of disease, for public health surveillance and appropriate patient case management. MTBC infections have been one of the most important and common mycobacterial clinical pathogens, especially in immune deficient adults and pediatric patients. Among MTBC species, Mycobacterium tuberculosis is more predominant in clinical samples and environmental samples like water and soil which contributes almost exclusively to disseminated MTBC disease.

Acid-fast staining and microscopy as a routine technique was the most common and least expensive option for laboratory diagnosis of human tuberculosis. However, this technology has a low sensitivity and specificity and does not provide information on the identity of the pathogen. Comparatively rapid nucleic acid amplification test (NAAT) (Derese et al., 2012) and two-step PCR processes have been used for differentiation of MTBC species (Pinsky and Banaei, 2008; Pounder et al., 2010; Reddington et al., 2012; Nikam et al., 2013). However, these techniques fail to differentiate MTBC species, is more laborious and complexity of multiplex RT-PCR can be a problem. Routine laboratory culture, chemical testing procedures, and nested PCR targeting (Sinha et al., 2016) assays can differentiate MTBC members at the species level but the long identification process is not practical for rapid diagnosis of patients in need of immediate therapy. Alternatively, molecular methods such as GenoType MTBDRplus test (Hain Lifescience, Nehren, Germany) (Richter et al., 2004) or DNA probe assays (Kasai et al., 2000; Niemann et al., 2000) have been able to identify mycobacterial isolates as MTBC species, but lack capability to identify the isolate to the species level and limitation of it reliability on bacterial cultures to produce enough amount of bacterial DNA. Differentiation of MTBC species is possible based on intergenic spacers analysis in the genotyping of M. tuberculosis such as the exact tandem repeat D (ETR-D) (Frothingham and Meeker-O’Connell, 1998) and aliased mycobacterial interspersed repeat unit 04 (MIRU04) (Supply et al., 1997). And also, based on molecular methods such as the major polymorphism of tandem repeat (MPTR) sequencing (Frothingham, 1995), single nucleotide polymorphisms (SNP) in the pncA gene (Djelouadji et al., 2008), the oxyR locus (Sreevatsan et al., 1996), the detection of deleted regions (Somoskovi et al., 2008), the restriction fragment length polymorphism of the hupB gene (Prabhakar et al., 2004), gyrB gene based differentiation (Chimara et al., 2004; Arnold et al., 2005), and mycobacterial interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) typing and spoligotyping (Godreuil et al., 2007). Previous methods could differentiate the MTBC at the species level but are often complicated by low sequence variability at the nucleotide level. However, these methods may have some limitations when encountered with rare species or atypical strain variants, and do not have the ability to differentiate all MTBC species such as M. pinnipedii and M. microti (Ayele et al., 2004). Such time-consuming and laborious methods hamper proper treatment of patients with respect to the different antibiotics and supportive treatments and are not practical for surveillance purposes. MALDI-TOF methods have been applied to mycobacterial (Mather et al., 2014) species identification and have shown to be a reliable technique in the routine laboratory. Although, MALDI-TOF for discrimination of mycobacterium is relatively rapid and reasonably accurate, however, this technique also could not differentiate MTBC species in clinical laboratories. Recently, a cheap and rapid new High Resolution Melting (HRM) assay for identification and differentiation of Mycobacterium tuberculosis complex samples was developed but it still had limitation to differentiate M. bovis from M. bovis BCG and M. caprae as well as M. africanum from M. tuberculosis (Landolt et al., 2019).

In contrast, in the present study, we demonstrated that ESI-Orbitrap LC-MS could be used for accurate identification of taxonomically complex microbial species. One of the advantages of using ESI is that it ionizes analytes to produce multiple charge states, bringing the mass to charge ratio of larger proteins into the window of the usual mass spectrometer range. These higher mass proteins show increased discriminatory power for speciation between highly similar species which may be a reason for the improved success of this approach above other Mass Spectrometry approaches. While in this study protein identification was not carried out, the setup would allow the further characterization of the discriminatory proteins through a top-down proteomics workflow. These protein identifications if characterized as related to resistance or virulence could also have possible applications in routine clinical diagnostics (LeDuc et al., 2004). While novel diagnostic approaches employing complex LCMS technology might not be directly suitable and useful in developing countries, great benefit arises to many other countries and reference laboratories which will have access and funds to high resolution MS systems where the incidence of TB infection is still high.

ESI-LC-MS has been applied to study secretome, cell wall proteome, membrane proteome, and PTM profiling of M. tuberculosis (Ge et al., 2003; Gunawardena et al., 2013). However, no study has demonstrated the applicability of ESI-Orbitrap LC-MS in mycobacterial identification. Also, Dukik et al. demonstrated the use of ultra-high-resolution mass spectrometry technique for identification of closely related dermatophytes but no other report yet outlined this technique for microbial identification (Dukik et al., 2018). To the best of our knowledge, this is first study showing applicability of this technique for MTBC identification and discrimination at species level with very high accuracy in a very short time utilizing unique masses (protein profiles) from each species. Our present study was optimized to have an LC-MS analysis method of 5 minutes and demonstrates its potential for rapid diagnosis which could impact treatment times. This method is universally applicable and can be beneficial in the veterinary and other health care related applications for fast and precise testing. The methodology could serve as a tool in the differentiation of MTBC members and detection of transmission in captive and other animal populations. The MTBC consists of the closely related organisms M. tuberculosis, M. africanum, M. bovis, M. bovis BCG, and animal born zoonotic species rarely identified in patients. The accurate molecular species identification within the MTBC is paramount to guide public health and primary care decisions more effectively due to species specific epidemiology, partial specificity in their host spectra (e.g. zoonotic taxa), geographic prevalence and drug susceptibility. M. tuberculosis and M. bovis may highly differ in contact tracing. Treatment with pyrazinamide can be excluded in case of M. bovis or M. bovis BCG as they are naturally resistant to the drug. Mycobacterium bovis Calmette-Guerin (BCG) is a live, attenuated strain of M. bovis. It is widely used as a vaccine against tuberculosis worldwide, and BCG is very effective for the treatment of transitional cell carcinoma of the bladder. Typically, it may require months to years for physicians to identify patients being infected with BCG disease upon exposure. Also, M. bovis mostly causes infection in cattle, deer and other mammals but the consumption of unpasteurized infected cow milk or transmission from infectious tuberculosis patient harboring M. bovis can cause disseminated infection in humans. The distribution of the various species is as follows and may vary according to the patient population served: M. tuberculosis (95%), M. bovis (2%), M. bovis BCG (1.5%), and others (1.5%) (ARUP internal communication Mycobacteriology department; Incident rates 2020).

In this study, we show potential for utilizing LC-MS and algorithmic discrimination at the species level for MTBC species with high classification success for the clinically most relevant entities. This method offers the ability to generate classification models from large numbers of spectra in a relatively rapid and flexible way. The aim is to determine a common signature among spectra for each of the identified taxa in such a way that spectra of test isolates can be classified accurately. The utilized algorithm uses proteoforms in the approximate mass range of 5 to 40 kDa which were obtained from the mass spectra. A characteristic protein profile in this range provides enough information for the differentiation of various clinically relevant mycobacterial species and clinical isolates at least at species level with accuracy as high as 100% as shown in Table 1. While molecular taxonomy of mycobacterium is in general very dynamic, and species and subspecies (lineages) boundaries are evolving with advancement of laboratory technologies, our approach demonstrates the possibility to identify strains to their species by mass spectrometry in a method that matches their current genomic reference.



Conclusion

Whole-protein top-down LC-MS analysis has significant diagnostic potential because of its ability to detect proteins routinely in a wider mass range and the method flexibility which can be optimized to provide the necessary protein coverage, e.g. if needed even to discriminate below the species level i.e. at the lineage or strain level. The accurate determination of protein masses, separation of high numbers of individual proteins, and high-resolution enabling detection of single-amino-acid substitutions are responsible for this high performance. Our algorithms showed a potential to recognize individual strains that could be applied in epidemics or outbreak scenarios. This novel assay is the first to use LC-ESI-MS to accurately identify the M. tuberculosis complex to the species level. The assay can rapidly, precisely, and accurately discriminate M. tuberculosis complex. Most importantly it can discriminate among M. tuberculosis complex isolates to the species level. These species are closely related members of the M. tuberculosis complex but very diverse pathogenetically. Having an effective and accurate way to distinguish these taxa will help in understanding the epidemiological behavior of these pathogens with a goal of supporting the development of improved diagnostics and treatment. However, our analysis was limited to 7H11 agar medium only and not yet tested with liquid culture medium as well as Loewenstein-Jensen agar which need to be assessed in the future. Additional research is required in targeting a wider species and strain panel, including the entire MTBC and its rarer zoonotic taxa, a large sample size and fine-tuned protocols. Algorithmic improvements to increase and further test classification success and to provide confirmatory experimental data to this first proof of principle study splitting clinically common species in the M. tuberculosis species complex will be required to underline the high potential of Orbitrap LCMS technology.
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Filamentous fungi identification by Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been challenging due to the lack of simple and rapid protein extraction methods and insufficient species coverage in the database. In this study, we created two rapid protein extraction methods for filamentous fungi: a one-step zirconia-silica beads method (ZSB) and a focused-ultrasonication method (FUS). The identification accuracy of two methods were evaluated with the VITEK MS, as well as number of spectra peaks and signal-to-noise ratio (S/N) with M-Discover 100 MALDI-TOF MS compared to the routine method. The better method was applied to build a filamentous fungi in-house spectra library for the M-Discover 100 MS, and then another one and routine method were performed in parallel to verify the accuracy and commonality of the in-house library. Using the two optimized methods, the dedicated operating time before MALDI-TOF MS analysis was reduced from 30 min to 7 (ZSB) or 5 (FUS) min per sample, with only a few seconds added for each additional strain. And both two methods identified isolates from most mold types equal to or better than the routine method, and the total correct identification rate using VITEK MS was 79.67, 76.42, and 76.42%, respectively. On the other hand, the two rapid methods generally achieved higher maximum and minimum S/N ratios with these isolates tested as compared to the routine method. Besides, the ZSB method produced overall mean of maximum and minimum S/N ratio higher than that by FUS. An in-house library of M-Discover MS was successfully built from 135 isolates from 42 species belonging to 18 genera using the ZSB method. Analysis of 467 isolates resulted in 97.22% correctly identified isolates to the species level by the ZSB method versus 95.50% by the routine method. The two novel methods are time- and cost-effective and allow efficient identification of filamentous fungi while providing a simplified procedure to build an in-house library. Thus, more clinical laboratories may consider adopting MALDI-TOF MS for filamentous fungi identification in the future.




Keywords: filamentous fungi, MALDI-TOF MS, protein extraction, sample processing, zirconia-silica beads, focused-ultrasonication, in-house library



Introduction

In recent years, fungi have come to pose a serious threat to immunocompromised patients with leukemia, AIDS, or receiving chemotherapy intervention, etc. (Enoch et al., 2006; Benedict et al., 2017; Bongomin et al., 2017). Even though Candida remains the leading invasive fungi pathogen, infections due to filamentous fungi are gradually rising with high mortality (Enoch et al., 2006; Liao et al., 2013; Benedict et al., 2017; Bongomin et al., 2017). However, appropriate treatment often varies by species, thus making rapid identification essential for accurate diagnosis and better outcomes (Brown et al., 2012). Conventional identification methods of filamentous fungi based on morphological traits are time-consuming and require extensive expertise training (Larone, 2011). Moreover, less common or non-sporulating molds are difficult to identify, and phylogenetically related species with similar morphological features are challenging to discriminate (Kozel and Wickes, 2014; Li et al., 2017; Luethy and Zelazny, 2018; Wickes and Wiederhold, 2018). Molecular identification is the gold standard method to identify the above strains, but is relatively expensive and requires specialized equipment which limits its routine use in clinical laboratories (Balajee et al., 2007; Samson et al., 2014; Wickes and Wiederhold, 2018).

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) has emerged as a cost-effective and rapid alternative for mycobacterial, bacterial, and yeast identification (Seng et al., 2009; Fraser et al., 2016; Rodriguez-Sanchez et al., 2016). Currently, its use for the identification of filamentous fungi has gradually begun to be implemented in clinical microbiology laboratories, but has been hampered by commercial databases with limited coverage of filamentous fungi taxa and challenges of protein extraction to obtain good quality mass spectra for analysis (Welham et al., 2000; Cassagne et al., 2016; Santos et al., 2017). Building an in-house database that contains local or less common isolates is the most optimal way to overcome the deficiencies of commercial databases (Zvezdanova et al., 2019). At present, several in-house databases in the Bruker MALDI Biotyper (Bruker Daltonics, Germany) have been developed by laboratories, significantly increasing species-assignment of filamentous fungi (De Carolis et al., 2012; Becker et al., 2014; Gautier et al., 2014; Schulthess et al., 2014; Luethy and Zelazny, 2018; Zvezdanova et al., 2019).

Protein extraction is the most critical step of filamentous fungi identification by MALDI-TOF MS,  but this process faces challenges due to the robust chitinous cell wall of filamentous fungi and necessitating protein extraction via a process usually initialized by cell homogenization (Shapaval et al., 2017; Krishnaswamy et al., 2019). Moreover, routine protein extraction methods in the manufacturer’s instructions and laboratory-developed procedures involve multiple steps (i.e. wash, inactivation, chemical extraction) and require 30 min to over an hour to perform (Chakrabarti et al., 2015; Cassagne et al., 2016). Thus, a simpler and more rapid procedure for protein extraction is urgently needed to permit routine use of MALDI-TOF MS for filamentous fungi identification in clinical laboratories. Ultrasound disruption is a common mechanical cell homogenization method based on high shear force, applied successfully in MALDI-TOF MS for mycobacterial identification and LC-MS/MS (Klimek-Ochab et al., 2011; Adams et al., 2016). Adaptive focused acoustics via concentrated bursts of higher-frequency ultrasonic energy allows for rapid disruption of the cell wall and concomitant protein extraction into the extraction solution within minutes (Li et al., 2015; Adams et al., 2016). Another mechanical method is bead milling, such as through the use of zirconia-silica beads and zirconium beads (Krishnaswamy et al., 2019). Proteins are released by the action of circulating beads dispersed in the fluid (Doucha and Livansky, 2008; Klimek-Ochab et al., 2011).

To simplify and expedite the sample processing before the identification of filamentous fungi isolates by MALDI-TOF MS, we created two rapid protein extraction procedures: the one-step zirconia-silica beads (ZSB) method and the focused-ultrasonication method (FUS). In this study, we investigated the identification accuracy of two rapid sample processing methods in the VITEK MALDI-TOF MS system (bioMérieux, Marcy-l’Étoile, France), as well as number of mass peaks and signal-to-noise (S/N) ratio in M-Discover 100 MALDI-TOF MS (Zhuhai Meihua Medical Technology Co., Ltd., China) versus the routine method. Then according to the results, applied the better method as a means to build a filamentous fungi in-house spectra library for the M-Discover 100 MS. In addition, we evaluated the accuracy and commonality of the in-house library using the new method consisting of building the database and the routine method.



Methods and Materials


Isolates and Species Identification

A total of 602 non-duplicate mold isolates recovered from various clinical specimens of patients were under the China Hospital Invasive Fungal Surveillance Net–North China Program. Isolates were cultured on Sabouraud Dextrose Agar (SDA) plates (Becton Dickinson Microbiology Systems, Sparks, MD, USA) and incubated at 28◦C for 2 to 5 days, and mycelia were collected for genomic DNA extraction. The internal transcribed spacer region was carried out as the primary sequencing gene for species level identification (Zvezdanova et al., 2019). The β-tubulin gene was employed additionally for the Scedosporium/Pseudallescheria spp., as well as the translation elongation factor 1-α gene for the Fusarium spp. (Gilgado et al., 2008; Wang et al., 2011). Sequencing data was analyzed using the National Center for Biotechnology Information (NCBI) or Mycobank database, and the results were accepted if homology >98% with >95% query coverage. One hundred twenty-three isolates belonging to 13 mold genera and 29 species were analyzed by VITEK MS to evaluate three protein extracting methods (Table 1). Another 135 clinical isolates were included in the in-house library of M-Discover 100 MS (Table 2); the remaining 467 isolates were analyzed using the in-house library coupled with the rapid method and routine method (Table 3).


Table 1 | Identification of 123 clinical filamentous fungi isolates by VITEK MS using the routine method in comparison with two rapid methods.




Table 2 | List of isolates included in the in-house library of M-Discover 100 MS.




Table 3 | 467 clinical filamentous fungi isolates identified by M-Discover 100 MS with the in-house library using the ZSB method in comparison with the routine method.





Protein Extraction


The Routine Three-Step Method

Isolates were inoculated on SDA plates at 28◦C for 3 days. The routine method for protein preparation was performed according to the manufacturer’s instructions as described by Li et al. (Li et al., 2017). Briefly, one to two colonies (~OD600 of 2.0) were mixed with 900 µl ethanol and 300 µl distilled water, followed by centrifugation for 3 min at 13,800 g. The pellet was dried at room temperature (RT) for 5 min, and then re-suspended in 50–80 µl of 70% formic acid (FA). After an incubation of 5 min at RT, an equal volume of acetonitrile was added. Samples were incubated again at RT for 5 min and subsequently centrifuged at 13,800 g for 1 min.



One-Step Zirconia-Silica Beads Method (ZSB)

Rapid extraction of protein using the ZSB method was performed using the same cultures as the routine method. Approximately 1–2 cm2 pieces of mold were removed from the agar and added to a 1.5 ml tube containing 30 μl of zirconia-silica beads with a diameter of 0.5 mm and 60 ul extraction solution (consisting of 30 ul acetonitrile and 30 ul FA). The tubes were vortexed for 5 min at RT, and then centrifuged for 1 min at 13,800 g.



Focused-Ultrasonication Method (FUS)

One to two colonies were added to a microtube containing 80 ul of extraction solution, and then processed in a precooled focused-ultrasonicator (Longlight Technology Co., Ltd, China) under the following conditions: pulse period of 500, pulse width of 250, running power of 100, running time of 60 s, and water temperature at 15◦C.




Evaluation of Protein Extraction Methods

Two novel methods of protein extraction were evaluated in parallel with the routine method. One microliter of supernatant after treatment was transferred to the target plate and allowed to dry at RT before being overlaid with 1 ul of matrix solution (ɑ-cyano-4-hydroxy-cinnamic acid). The acquisition and analysis of mass spectra were performed by VITEK MALDI-TOF MS using the Vitek MS database (MS-ID version v3.2). The results were interpreted referred the manufacturer’s instructions. An isolate was considered correctly identified with an acceptable confidence value of 99.9%. Samples were analyzed in duplicates and repeated when there were discrepancies and isolates exhibited discrepant identification results. Results were compared with the sequencing-based identification results and grouped into four categories: a) correct identification: identical to sequencing results, b) incomplete identification (Incomplete ID): either only the genus level was correctly identified or more than one species was proposed and one was correct, c) misidentification (Mis-ID): none of the proposed species were correct, or d) no identification (no-ID).

Spectra were validated with 123 strains by M-Discover 100 MS. The number of peaks and S/N ratios were determined by using the program provided by M-Discover. The maximum (or minimum) S/N ratio is defined as the height of the highest (or lowest) mass peak above its baseline relative to the standard deviation of the noise.



In-House Database Construction and Clinical Isolates Identification

According to the evaluation results, we selected the more efficient method to build an in-house library for M-Discover 100 MS. One hundred thirty-five isolates were included in the in-house spectra library (Table 2) after following the manufacturer’s instructions. Freshly prepared isolates were processed and spotted onto eight-well positions on the target plate. Each position was read three times. After excluding the spectra that were obviously abnormal with others, 20 to 24 replica spectra of each strain were added to the in-house library. To verify the accuracy and commonality of the in-house library, the remaining 467 isolates were analyzed. Following the instructions of M-Discover 100 MS, identification scores of ≥90 indicated species-level identification, scores of 60–90 indicated genus-level identification, and scores of ≤60 were considered as “not reliable” (NRI). If isolates exhibited discrepant identification results or produced low matches by M-Discover 100 MS analysis and sequencing analysis, identification by M-Discover 100 MS analysis for the isolates was repeated. In this study, results were compared at the species and genus level with those obtained by sequencing regardless of score values, and grouped into three categories: a) correct identification to species level, b) only correct identification to genus level, c) misidentification.



Statistical Analysis

Comparison for the identification rates of three protein extraction methods was performed using GraphPad Prism software. This software was also used to compare scores, the peak number, and S/N ratios between two groups via a paired t-test. P < 0.05 indicated a statistically significant difference (*p values < 0.05, **p values < 0.01, ***p values < 0.005, ****p values < 0.001).




Results


Comparison of Identification Performance in VITEK MS

Table 1 demonstrates the performance of the VITEK MS system for identifying 123 filamentous fungi clinical isolates using the routine and two rapid methods. Among isolates that underwent repeat testing due to discrepancies with the sequencing results, the repeat and original results were consistent. Testing of clinical isolates with two rapid methods revealed significant time savings compared to the routine method. Following the routine procedure, each filamentous fungi isolate required at least 30 min of sample processing, while the ZSB and FUS method reduced the dedicated operating time to 7 or 5 min per sample, respectively, with only a few seconds added for each additional strain.

Applying the routine protein extraction method recommended by the manufacturer, VITEK MS correctly identified (species-level identification) 94 (76.42%) isolates, whereas 98 (79.67%) and 95 (76.42%) isolates by ZSB and FUS method, respectively. “Incomplete ID” results were produced by the routine and FUS methods for 6 (4.88%) isolates, and 5 isolates (4.07%) by the ZSB method, which all belonged to the Fusarium spp. None of isolates showed a “Mis-ID” result using all methods, while 23 (18.70%), 20 (16.26%) and 22 (17.89%) isolates had “no-ID” results by the routine, ZSB, and FUS methods. Of these “no-ID” isolates, 16 isolates belonging to six species were due to no reference spectra available in v3.2 database, except one F. incarnatum that was correctly identified to genus level as “F. chlamydosporum complex” by the routine method.

After excluding the isolates that lacked reference spectra, the success rate of identification by VITEK MS applying the routine, ZSB, or FUS method was 92.52% (99/107) vs 96.26% (103/107) vs 94.39% (94/107), and the accuracy was up to 100% for Aspergillus, Penicillium, Scedosporium, and other spp., except for Fusarium spp. with 72.22% (13/18), 76.19% (16/21), and 70.00% (14/20), respectively by three methods. The remaining 8 (8.75%), 4 (2.50%), and 6 (6.25%) isolates had “no-ID”, respectively. Upon further analysis, for the Fusarium spp., the VITEK MS showed good ability to identify F. solani (100% accuracy rate by three methods), but could not accurately identify F. proliferatum and F. verticillioides. The identification ability for F. proliferatum and F. verticillioides by the ZSB method was 33.33% (1/6) and 83.33% (5/6) with none showing as “no-ID”, followed by the FUS method showing 16.67% (1/6) and 66.67% (4/6) with only one F. proliferatum as “no-ID”, and 16.67% (1/6) and 33.33% (2/6), with two F. proliferatum and one F. verticillioides showing as “no-ID” by the routine method. VITEK MS was unable to distinguish between the remaining F. proliferatum and F. verticillioides.

Overall, both ZSB and FUS methods identified isolates from each mold type equal to or better than the routine method without statistically significant differences.



Comparison of Spectral Characteristics in M-Discover 100 MS

Table S1 shows the number of peaks per strain by three methods. Overall, the number of peaks performed by the routine method was significantly higher than that of two rapid methods (P < 0.0001). Among the 123 isolates, the peak number of 28 strains extracted by ZSB was more than that extracted by routine method, and 6 strains were the same, mainly distributed in Aspergillus terreus and A. tubingensis. For FUS, 32 strains more than, while 12 strains equal to that of routine method, mainly distributed in A. flavus, A. terreus, and A. tubingensis. And the results of FUS were significantly higher than ZSB (P = 0.0129).

The minimum and maximum S/N ratios for each isolate are showed in Figure 1. Overall comparing with routine method, significant increase in minimum S/N ratios was noted for ZSB (P < 0.0001) and FUS (P = 0.0041) (Figure 1A). The mean ratio for each species that had two clinical isolates was higher for 16/18 species by ZSB and for 14/18 species by the FUS method, lower than the routine method for A. terreus and A. tubingensis by ZSB, and A. flavus, A. lentulus, A. niger, A. terreus by FUS. In addition, statistically higher minimum S/N ratios were obtained for A. nidulans, F. solani, P. oxalicum, and T. longibrachiatum by both two rapid methods, and Alternaria alternata and S. apiospermum only by ZSB as compared to the routine method.




Figure 1 | The maximum signal-to-noise ratio (A) and the minimum signal-to-noise ratio (B) by species and by method performed. Each dot represents the signal-to-noise ratio (lg) for each isolate identification achieved by routine (black dots), ZSB (red dots), and FUS (blue dots) methods. Horizontal bars represent the mean ratio (lg) achieved by each method for each species including at least two isolates. A paired t-test was performed to analyze differences between each two groups, and statistical significance was defined by p values less than 0.05 (*p < 0.05, **p < 0.01).



As observed for the maximum S/N ratios, the two rapid method achieved higher overall mean ratio with the 123 isolates (1,784.1, 1,678.4, and 1,514.4 for the ZSB, FUS, routine method, respectively). Statistically higher maximum S/N ratios were obtained for A. nidulans, A. tubingensis, and P. oxalicum by ZSB, while for A. flavus, P. oxalicum, and T. longibrachiatum by FUS as compared to the routine method. The ZSB method produced overall mean ratio higher than that by FUS, and showed superior performance for A. flavus compared to FUS (Figure 1B).



Identification of Filamentous Fungi by In-House Library of M-Discover 100 MS Built by ZSB

According to the above evaluation results, we selected the ZSB method to build an in-house library for M-Discover 100 MS. From the 135 strains distributed by 42 species and 18 genera (Table 2), 2,960 reference spectra were successfully created.

Of the 467 clinical isolates tested, the implementation of the ZSB protein extraction method allowed the correct identification of 99.50% Aspergillus, 65.38% Fusarium (absent in the in-house library), 100% Penicillium/Scedosporium, 90% other molds, and 454/467 (97.22%) total clinical isolates by M-Discover 100 MS at the species level using the in-house library regardless of score values (Table 3). Among these 454 isolates, the scores were between 55.76 and 96.90 (median 92.6). A score of ≥90 was obtained for 419 isolates (92.30%), a score of 60–90 for 32 isolates (7.05%), and a score of ≤60 for 3 isolates (0.66%). Ten isolates (2.20%) were identified at the genus level. All F. verticillioide (n = 6) and one F. moniliforme were identified as F. moniliforme (n = 4)/F. proliferatum (n = 2, scores 60–90) and F. proliferatum; one A. lentulus, one A. tubingensis, and one Rhizopus oryzae were unreliably identified as A. uvarum (score 40.94), A. niger (score 52.25), and R. baikonurensis (score 43.41). In addition, two F. solani and one R. oryzae were completely misidentified as Mycobacterium immunogenum/M. malmoense and Nocardia cyriacigeorgicascore (all scores ≤60).

In contrast, when the routine method was coupled with the in-house library, the correct species-level identification rate was 99.74%%, 61.54%%, 100%, 60%, and 95.50% (n = 446, scores ≥90 for 388 isolates, 60–90 for 48 isolates, and ≤60 for 10 isolates) for Aspergillus, Fusarium, Penicillium/Scedosporium, other molds, and total isolates, respectively, and 3.00% (n = 14) to the genus level, thus demonstrating a 1.50% (n = 7, and all with NRI) discrepancy compared to molecular identification. There was no statistically significant difference between the routine and ZSB methods using the in-house library. However, the ability to identify the Fusarium spp. was relatively weak. Among 16/26 (61.54%) correctly identified Fusarium spp. isolates, only two F. moniliforme were completely identified with a high confidence level (score ≥90) and up to five isolates with NRI. In addition, compared to the ZSB method, the routine method was inferior for some rare species, including Alternaria alternata, Beauveria bassiana, Rhizopus oryzae, Syncephalastrum racemosum.

The distribution and mean scores for each species that was isolated at least twice from individual clinical samples are shown in Figure 2. When coupled with the M-Discover 100 in-house library, the ZSB method showed comparable or higher maximum and mean scores for most species with the exception of A. lentulus and Scedosporium apiospermum. For the 20 species included, statistically significant differences were only observed in four species (A. flavus, A. niger, A. tubinensis, and P. oxalicum). From the point of the score classification, the species-level identification accuracy of strains with the identification score of ≥90 was 99.29% (419/422) provided by ZSB method and 99.49% (388/390) by the routine method. When the species-level cutoff value was artificially set to 60, the correct species-level identification rate was 98.47% (451/458) by ZSB and 98.20% (436/444) by routine method.




Figure 2 | Average score and distribution by M-Discover 100 with the in-house library by method performed. Each dot represents the score for each isolate identification achieved by the ZSB (round dots) and routine (diamond dots) methods. Horizontal bars represent the mean identification score achieved by each method for each species including at least two isolates. A paired t-test was performed to analyze differences between the ZSB method and the routine method, and statistical significance was defined by p values less than 0.05 (*p < 0.05, **p < 0.01, ****p < 0.001).



In addition, the use of the FUS method by the M-Discover 100 system simultaneously using the in-house library also showed good species-assignment of filamentous fungi (87.00%, 107/123), which was better than routine method (84.55%, 104/123), but inferior to the ZSB method (90.24%) (Table S2).




Discussion

MALDI-TOF MS has gradually been popularized as an accurate, rapid and cost-effective method for routine identification of clinical filamentous fungi. However, unlike yeast and bacteria, routine clinical use for filamentous fungi is hindered by two main reasons: (i) insufficient filamentous fungi coverage in the commercial database (Schulthess et al., 2014; Li et al., 2017); (ii) prolonged testing time due to the multi-step protein extraction procedure.

To improve work efficiency, we created the one-step zirconia-silica beads method and focused-ultrasonication method for protein extraction. With the routine procedure, each filamentous fungi isolate required at least 30 min of sample processing before MALDI-TOF MS analysis (Luethy and Zelazny, 2018). The two optimized methods, however, negated the separate inactivation step without reducing the effect (no growth within 14 days after treated), while significantly reduced the dedicated operating time to 7 (ZSB) or 5 (FUS) min per sample, with only a few seconds added for each additional strain.

Of note, using the ZSB and FUS methods with the VITEK MS commercial database v3.2, all of the species resulted in comparable or better identification to the species level than the routine method, except for A. nidulans, A. tubingensis, and Beauveria bassiana. Both rapid methods can be utilized with the existing commercial database v3.2 in VITEK MS, without any required alterations of the database. Similar conclusions have been reported in another study by Luethy and Zelazny (2018). Their study evaluated the capacity of the zirconia-silica beads method combined the high-power bead-based homogenizer for the identification of molds using Bruker MALDI Biotyper, and reported more samples achieving clinically acceptable identification scores (≥2.00) than the routine method (63.0 vs 52.8%) (Adams et al., 2016; Luethy and Zelazny, 2018). Our optimized ZSB method provides significant cost savings in investment (no need for a homogenizer) compared to Luethy’s method without sacrificing identification effectiveness, while has been verified in two mass spectrometers. In addition, a previous study has proved that the FUS method can significantly increase the identification of mycobacteria by Bruker MALDI Biotyper (Adams et al., 2016). Combining the above two studies and our study, we believe our two rapid methods have universality in most mass spectrometer and species which identification hindered by difficulties related to peptide extraction due to the intrinsic characteristics of the cell. Future studies should be carried out to evaluate and optimize those methods for different mass spectrometers and for more species.

Although VITEK MS reliably identified various filamentous fungi by three methods, including Aspergillus and Penicillium, Scedosporium, and other species with a very low rate of misidentification that was not different from previous reports. For the Fusarium species, which tend to be multi-resistant and are the second most common filamentous fungi causing invasive fungal infections in immunocompromised patients, VITEK MS demonstrated a lower rate of correct identification to the species-level by all methods compared than to those in previous studies (100, 93.0, and 65.4%) (Heo et al., 2015; McMullen et al., 2016; Luethy and Zelazny, 2018; Rychert et al., 2018; Shin et al., 2021).

Given that all of the tested isolates in this study were from northern China, there may be intrinsic differences between the isolates included in the commercial database and those used in this study due to geographic variation (Adams et al., 2016). Specifically, F. proliferatum and F. verticillioides could not be distinguished by VITEK MS: further examination of the spectra obtained for these clinical isolates of two species revealed the closely related spectra pattern between them. Thus, it is necessary to increase the number of reference isolates in the database in order to distinguish between closely related species well (Lau et al., 2013).

On the other hand, we also evaluated the number of peaks and S/N ratios produced by three methods. Since the closed VITEK MS database, the spectra peak cannot be exported, we chose the peaks produced by the M-Discover 100 MS to spectrum analysis. Despite the less number of peaks generated, the two rapid methods generally achieved higher maximum and minimum S/N ratios with these isolates tested as compared to the routine method. It is worth noting that not all of these counted peaks are characteristic peaks identified by MS, thus this index may be not a good indicator of the quality of the extraction method. In addition, the ZSB method produced overall mean of maximum and minimum S/N ratio higher than that by FUS.

Evaluation of the rapid ZSB method not only revealed good applicability with the existing commercial database, but also demonstrated it can be a rapid and standardized protocol to construct an in-house library. In this study, we used the ZSB method as a protein extraction procedure to construct an in-house library in M-Discover 100 MS. The inclusion of 2,960 references from 42 species to our in-house database allowed the identification of 454 isolates at the species level (97.22%) using the ZSB method (Table 3), showing high correlation with DNA sequencing analysis regardless the score values. However, 10 isolates were identified only at the genus level and three completely misidentified, eleven of which were from four different species not available in the in-house database (F. moniliforme, F. verticillioides, F. solani, and Rhizopus oryzae). This highlights the necessity of adding endemic reference strains in the database in order to improve the identification capacity of MALDI-TOF MS. Besides, when lowering the species-level cutoff value to 60 in this study, the correct species-level identification rate showed a high robustness compared with that (≥90) in the manufacturer’s instructions (98.47 vs 99.29%). Further research can be done to establish appropriate cutoff value to improve the capacity of MALDI-TOF MS for filamentous fungi.

This in-house library can be used with other protein methods. Although the identification accuracy using the in-house library of both routine and FUS methods were inferior to the ZSB method, there were no statistically significant differences between them. However, the percent of isolates with scores ≥90 and 60–90 as generated by the routine method was lower than the ZSB method, while statistically significant differences were observed in four species (A. flavus, A. niger, A. tubinensis, and P. oxalicum) (Figure 2). There are several possibilities for why fewer accurate identifications occurred. First, it is plausible that the ZSB method breaks the cell wall thoroughly and can achieve higher protein content than the routine method. Further verification, such as comparing protein concentrations and profile are needed according to Akhila’s method (Krishnaswamy et al., 2019). Second, the spectra of the same strains had some differences produced by the ZSB and routine method, such as the number and relative position. Thus, the matching degree of the spectra by the routine method with the reference spectra by the ZSB method decreased slightly, resulting in lower scores.

This study has some limitations. First, the strains used in this study represent species typically encountered in northern China. And the Aspergillus species, along with Fusarium and Penicillium species, constitute over half of the tested isolates in this study. Thus, a more comprehensive list of filamentous fungi is needed and filamentous fungi species commonly encountered in other regions should be tested to further evaluate the two rapid methods. Second, the Fusarium species, the second most common strain in this study, was not added to the in-house library, while some common species had only one strain included in the in-house library. It is unknown whether geographic differences of the strains may result in variations in identification accuracy using the in-house library. Thus, updates to the M-Discover 100 in-house library are necessary to improve the identification ability.



Conclusion

MALDI-TOF MS is widely used for filamentous fungi identification under the condition that an efficient sample processing procedure is implemented and an abundant library is available. Two rapid protein extraction methods we created for filamentous fungi isolates that not only significantly reduced sample processing time but also demonstrated superior maximum and minimum S/N ratio, and comparable or superior identification to the routine method when utilized with both the existing commercial database and the in-house library. Moreover, to our knowledge, this study represents the first implementation of the zirconia-silica beads method as the sample processing for building an in-house library in MALDI-TOF MS. We believe the advantages provided by the two rapid methods will attract more clinical laboratories to consider adopting MALDI-TOF MS for filamentous fungi identification.
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The objective of this study was to evaluate the value of molecular methods in the management of community-acquired pneumonia (CAP) in children. Previously developed mass spectrometry (MS)-based methods combined with quantitative real-time PCR (combined-MS methods) were used to describe the aetiology and evaluate antibiotic therapy in the enrolled children. Sputum collected from 302 children hospitalized with CAP were analyzed using the combined-MS methods, which can detect 19 viruses and 12 bacteria related to CAP. Based on the results, appropriate antibiotics were determined using national guidelines and compared with the initial empirical therapies. Respiratory pathogens were identified in 84.4% of the patients (255/302). Co-infection was the predominant infection pattern (51.7%, 156/302) and was primarily a bacterial-viral mixed infection (36.8%, 111/302). Compared with that using culture-based methods, the identification rate for bacteria using the combined-MS methods (61.8%, 126/204) increased by 28.5% (p <0.001). Based on the results of the combined-MS methods, the initial antibiotic treatment of 235 patients was not optimal, which mostly required switching to β-lactam/β-lactamase inhibitor combinations or reducing unnecessary macrolide treatments. Moreover, using the combined-MS methods to guide antibiotic therapy showed potential to decrease the length of stay in children with severe CAP. For children with CAP, quantitative molecular testing on sputum can serve as an important complement to traditional culture methods. Early aetiology elucidated using molecular testing can help guide the antibiotic therapy. 
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Highlights

	1) We used combined-MS methods to comprehensively analyze the etiology in children with CAP in North China;

	2) Early etiology obtained using molecular testing in our study can be introduced to guide antibiotic therapy;

	3) We provided valuable reference for the principles and practices of antibiotic stewardship in children hospitalized for CAP.





Introduction

Pneumonia is the predominant cause of infection-related deaths in young children, with approximately 0.9 million deaths annually in children younger than 5 years of age (Bryce et al., 2005, Liu et al., 2016). The infectious agents of community-acquired pneumonia (CAP) are diverse. Currently, clinical microbiology laboratories rely heavily on sputum culture; however, culture-based methods are time-consuming and less sensitive, which makes them less useful for timely diagnosis. Based solely on the results of culture, a precise microbiological diagnosis can be made in less than 15% of children hospitalized with CAP (Bradley et al., 2011). Owing to the limitations of culture-based methods, empirical antimicrobials are administered to patients who do not have a precise microbiological diagnosis. Such untargeted antibiotic selection or excessive use of antimicrobials is associated with increased antimicrobial resistance (Duong et al., 2018).

To comprehensively and rapidly identify the causative agents of CAP, new methods are urgently needed. Compared with traditional culture-based methods, molecular testing offers the following advantages: besides high sensitivity and shorter turnaround time, it has the superiority of detecting multiple pathogens, which can substantially improve identification efficiency. Molecular-based tests are also crucial for identifying respiratory viruses and atypical pathogens that require rigorous culture conditions, like Legionella pneumophila, Bordetella pertussis, Mycoplasma pneumoniae, and Chlamydophila pneumoniae. Currently, the most frequently used molecular-based method is real-time PCR; however, it can only detect a limited number of pathogens simultaneously (Caliendo, 2011). Therefore, when screening diverse candidate pathogens of CAP, multiple reactions are needed, which is time-consuming and labor intensive. To perform multiple reactions, a larger sample size is required, placing an additional burden on patients, especially children. To overcome these limitations, we developed two multiplex PCR coupled with matrix-assisted laser desorption ionisation-time of flight mass spectrometry (MALDI-TOF MS), common respiratory virus-mass spectrometry (CRV-MS), and bacterial pathogen-mass spectrometry (BP-MS).

The viral pathogen panel (CRV-MS) can simultaneously detect and identify 19 common respiratory virus types/subtypes, and the bacterial panel (BP-MS) can screen 12 bacterial pathogens associated with CAP (Zhang et al., 2015; Zhang et al., 2018). The CRV-MS and the BP-MS methods are therefore suitable for large-scale pathogen screening and epidemiological studies.

Here, we used the CRV-MS and BP-MS methods to detect pathogens in sputum from children hospitalized with CAP retrospectively. By comparing the results with those of the culture-based method, we evaluated the potential of combined-MS in improving the detection rate of pathogens and to guide initial antimicrobial therapy. Moreover, we described the aetiology of CAP in North China by analysing the results of combined-MS methods.



Materials and Methods


Subjects

A total of 302 children hospitalized with CAP between January 2016 and December 2018 were included in this study. They were all younger than 16 and admitted to Beijing Children’s Hospital (Beijing, China) and Children’s Hospital of Hebei Province (Shijiazhuang, Hebei Province, China). CAP was diagnosed according to the Chinese national guidelines for the management of CAP in children, update 2013. All children had fever (body temperature ≥ 38°C), cough, tachypnoea, dyspnoea, chest retractions, abnormal auscultatory findings, and radiological evidence of CAP. The severity of CAP was also evaluated based on the same guidelines. Patient information on age, sex, length of stay (LOS), sputum culture results, empirical antibiotic prescription, or antibiotic administration before hospitalisation were retrospectively collected from electronic medical records. All enrolled patients were divided into five overlapping groups for different study aims (Figure 1). For sputum culture, only results obtained within 72 hours of the sampling time were included in subsequent analyses.




Figure 1 | Cases enrolment and study design. The numbers marked with a star referred to the sample size of five groups. (A) Results of combined-MS methods obtained from all 302 patients were used to define the etiology of CAP. (B) 204 cases with culture results within 72 hours of sampling were used to compare the performance of combined-MS methods and culture. (C) 295 cases with information of empirical antimicrobial therapy were used to study the value of combined-MS methods in guiding antimicrobial prescribing. (D) 197 cases with both information of culture and empirical antimicrobial therapy were used to investigate the impact of antibiotic usage on the performance of combined-MS methods and culture. (E) 267 patients with information of LOS were used to assess how antibiotic therapy affect LOS. LOS, length of stay.





Specimen Collection and Nucleic Acid Extraction

Sputum was collected within 72 hours of patient admission. Nebulisation was used for younger children. Induced sputum samples from the inhalation of hypertonic saline solution were collected by trained personnel according to standard operating procedures, as published previously (Lahti et al., 2009; Honkinen et al., 2012).

A total of 2 mL of sputum was obtained from each patient with sterility sputum aspiratory tubes and stored at -80°C. The nucleic acids of the viruses were extracted using QIAamp MinElute Virus Spin kits (QIAGEN, Hilden, Germany), and cDNA was synthesized using SuperScript First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. To extract bacterial DNA, 200 μL of sputum were centrifuged at 5000 × g for 10 min, and pellets resuspended in 150 μL enzyme cocktail containing 6 mg lysozyme, 30 U lysostaphin, 37.5 U mutanolysin, and 30U lyticase in lysis buffer of 20 mM Tris-HCl (pH 8), 2 mM EDTA, and 1.2% Triton. The mixture was incubated at 37°C for 30 min to lyse the cell walls of Gram-positive bacteria. DNA was then purified using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Purified DNA was eluted in 200 μL nuclease-free water.



Cultural and Combined-MS Methods

Sputum culture and identification were performed using standard microbiological and biochemical methods.

The CRV-MS method can simultaneously identify 19 common respiratory viruses, including adenovirus (AdV), human enterovirus (EV), four human coronaviruses (HCoV-OC43, 229E, NL63, and HKU1), human bocavirus 1 (HBoV1), human metapneumoviruses A and B (HMPV-A and HMPV-B), human rhinovirus (HRV), influenza A viruses (IFV-A H1N1, and H3N2), influenza B viruses (IFV-B), parainfluenza virus types 1–4 (PIV1 to-4), and respiratory syncytial viruses A and B (RSV-A and RSV-B, respectively) (Jain, 2017). The BP-MS method can simultaneously identify 12 bacterial pathogens related to pneumonia, including Legionella pneumophila, Bordetella pertussis, Mycoplasma pneumoniae, Chlamydophila pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Moraxella catarrhalis, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, Streptococcus pneumoniae, and Escherichia coli. Detailed procedures for CRV-MS and BP-MS have been described previously (Zhang et al., 2015; Zhang et al., 2018).

Among the bacterial targets, H. influenzae, S. aureus, M. catarrhalis, K. pneumoniae, P. aeruginosa, A. baumannii, S. pneumoniae, and E. coli are commonly detected commensals of the respiratory tract, which may act as contaminants of the sputum (Apisarnthanarak and Mundy, 2005; Jain, 2017). As BP-MS is a qualitative method, positive results for the above bacteria were retested by quantitative real-time PCR to obtain their bacterial loads. Only bacteria with a load of ≥105 CFU/mL can be regarded as a pathogen responsible for infection (combined-MS methods positive) (Gadsby et al., 2016). The assays used in the real-time methods refer to previous studies (Zhang et al., 2018).



Antibiotics Selected for Pathogen-Guided Therapy

According to the results of combined-MS methods, the right antibiotics were determined using the Children’s Community Pneumonia Diagnosis and Treatment Guidelines (2013 revised) and revised World Health Organization (WHO) Classification and Treatment of Pneumonia in Children at Health Facilities: Evidence Summaries (see Supplementary Material, Table S1) (Subspecialty Group of Respiratory Diseases and Chinese Medical Association The Editorial Board, 2013; WHO, 2014).



Statistical Analysis

Categorical data were compared using the chi-squared (χ2) or Fisher’s exact tests. Paired proportions were compared using the McNemar test. Continuous variables were analyzed using the Shapiro-Wilk test for normality. Student’s t-test and the Mann-Whitney U test were used to compare normally and non-normally distributed continuous variables, respectively. The above statistical analyses were performed with SPSS (Statistical Product and Service Solutions) software version 19, and a P value <0.05 was considered statistically significant.




Results


General Characteristics of Patients Included

Among 302 included children, the median age was 1 year (range, 0.04-16 years), and 65.9% (199) were male (Table 1). Children were categorised into neonates (age < 1, 47.0%, 142), toddlers (1 ≤ age < 3, 23.9%, 72), pre-schoolers (3 ≤ age < 6, 8.6%, 26), and school-age children (6 ≤ age ≤ 16, 20.5%, 62, Table 1). Patients were divided into four groups based on sampling times: spring (26.5%, 80), summer (4.6%, 14), autumn (5.6%, 17), and winter (63.3%, 191).


Table 1 | Characteristics of 302 included children.





Aetiology of CAP in Hospitalised Children Identified by Combined-MS Methods

Respiratory pathogens were identified in 84.4% of patients (255). Among them, 64.9% (196) were bacteria and 56.3% (170) were virus-positive. Specifically, RSV was the most common pathogen (26.5%, 80), followed by H. influenzae (22.2%, 67), S. pneumoniae (20.5%, 62), and M. pneumoniae (14.9%, 45, Table 2).


Table 2 | Detection rate of common respiratory pathogens with combined-MS methods (n = 302).



Mixed infection was the most frequent pattern in patients (51.7%, 156). Of 156 mixed infection cases, dual pathogen co-infection (57.0%, 89) was the most common, followed by triple (26.3%, 41), quadruple (11.5%, 18), and mixed-infection with more than four pathogens (5.1%, 8). Bacterial-viral mixed infection (36.8%, 111/302) was the primary co-infection pattern. H. influenzae/RSV (12.8%, 20/156) was the most common co-infection combination, followed by S. pneumoniae/H. influenzae (11.5%, 18/156) and S. pneumoniae/RSV (11.5%, 18/156). No pathogen was detected in 47 (15.6%, 47/302) specimens (Figure 2).




Figure 2 | The etiology of 302 included children defined by combined-MS methods. (A) The proportions of different patterns of infection. (B) Distribution of main pathogens in patients with different age groups. (C) Seasonal prevalence of main pathogens. RSV, respiratory syncytial virus; HI, Haemophilus influenzae; SP, Streptococcus pneumoniae; MP, Mycoplasma pneumoniae; SA, Staphylococcus aureus; EV, Enterovirus; AdV, Adenovirus; IFV, Influenza virus; HRV, Human rhinovirus; MC, Moraxella catarrhalis; PIV, Parainfluenza virus; BP, Bordetella pertussis; HCoV, Human coronavirus.



The predominant respiratory pathogens in children with CAP varied with age. RSV was the most frequently detected pathogen in children under age 3 (29.4%, 63/214), H. influenzae was found in children aged 3 to 6 (15.4%, 4/26), and M. pneumoniae was found in children aged 6 to 16 (24.2%, 15/62; Figure 2B). The primary pathogens changed with seasons. RSV was most commonly identified in both spring and winter (30%, 24/80; 27%, 52/191) and PIV and EV were most frequently detected in summer (21.4%, 3/14), and autumn (29.4%, 5/17), respectively. (Figure 2C). However, there was no statistically significant difference in mixed infection rates among the age groups or season (P > 0.05).



Comparison of Performance Between Culture-Based and Combined-MS Methods

The detection rate of ten culturable bacterial pathogens using combined-MS methods was significantly higher than that using sputum culture (61.8%, 126 versus 33.3%, 68, P < 0.001, Table 3) in 204 patients with culture-based detection information. Compared with culture-based methods, combined-MS methods detected more of the following pathogens: S. pneumoniae (6.9% vs. 20.6%, P < 0.001), H. influenzae (6.9% versus 23.1%, P < 0.001), S. aureus (6.9% versus 16.2%, P < 0.001), and M. catarrhalis (2.5% versus 9.9%, P < 0.001, Table 3). For the other four pathogens, the detection rate of combined-MS methods was higher than that of culture-based methods, but the difference was not statistically significantly (Table 3, P > 0.05). In the other ten patients, bacteria not selected as targets of combined-MS methods were detected using culture-based methods (see Supplementary Material, Table S2).


Table 3 | Comparison of the performance between combined-MS methods and culture-based methods (n = 204).





Impact of Antibiotic Use on the Performance of Combined-MS Methods and Culture

Among 197 cases who received empirical antimicrobial therapy, the detection rate of ten culturable pathogens using combined-MS method was 60.9% (120), which was higher than the rate using culture (29.4%, 58, P < 0.001). The results showed that compared with culture, the impact of initial empirical antibiotic usage on bacterial detection was lower in combined-MS methods.



Using the Results of the Combined-MS Methods to Evaluate Initial Empirical Antibiotic Treatment

In 295 patients who received empirical antimicrobial therapy based on to the results of combined-MS methods, the initial antibiotic therapies of 235 patients were not optimal. Most class of antibiotics (39.0%, 115) needed to change and the number of antibiotics needed to decrease (36.9%, 109, Table 4). Changing the class of antibiotics mainly involved switching β-lactam (26.1%, 77) or macrolide antibiotics (8.5%, 25) to a β-lactam/β-lactamase inhibitor combinations. Decreasing the number of excessive antibiotics mainly referred to a reduction in the use of macrolide antibiotics (25.4%, 75) and β-lactam agents (10.2%, 30). The number of antibiotics needed to be increased in 11 patients (3.8%, 11) while 60 patients (20.3%, 60) needed no change.


Table 4 | Using the results of combined-MS methods to guide the antibiotic treatment (n = 295).





Assessment of LOS Affected by Antibiotic Therapy

Among 70 children with severe CAP, the mean LOS was significantly shorter for children who did not need to change antibiotic than those who needed therapy change (11.63 ± 0.95 days vs. 18.57 ± 1.97 days, P = 0.037). Additionally, in children with common CAP, the mean LOS was also shorter for those not needing therapy change than those who needed a change, though the difference was not statistically significant (11.83 ± 1.34 days versus 13.38 ± 2.20 days, P = 0.79).




Discussion

This study demonstrated that molecular methods to identify infectious pathogens in children with CAP can significantly increase detection rates and molecular methods have the potential to guide antimicrobial selection. Our findings were consistent with a retrospective study conducted on hospitalised adults with CAP (Gadsby et al., 2016). As there are some differences in the aetiology, specimen collection, and antibiotic usage between children and adults, our study can specifically provide evidence for the diagnosis and management of childhood CAP.

It is thought that viruses play a more important role in childhood CAP, and in most studies, the identification rates of viruses are higher than those of bacteria (Johnson et al., 2008; Holter et al., 2015; Jain et al., 2015). However, the opposite was true in our study. H. influenzae and S. pneumoniae in particular ranked second and third most common pathogens, respectively, with identification rates over 20%. This detection rate was higher than in studies where bacteria were detected using culture and similar to studies that used molecular methods (Elemraid et al., 2013; Howie et al., 2014; Gadsby et al., 2016). Therefore, the detection of bacterial pathogens solely based on culture is difficult to comprehensively reveal the underlying causative pathogen spectrum, which would possibly result in underestimating the risk of bacterial infection following primary viral infection. Multiple-target detection techniques based on real-time PCR and metagenomic next-generation sequencing (mNGS), which have the ability to identify both viral and bacterial infections, can serve as quantitative and comprehensive means of diagnosis, and are ideal for prescribing proper treatment (Gadsby et al., 2015; Miao et al., 2018).

In China, pneumococcal conjugated vaccine (PCV) and Haemophilus Influenzae Type b (Hib) were introduced for private purchase against 13 serotypes of S. pneumoniae in 2008 and H. influenzae type B in 2000 respectively (Wagner et al., 2014). However, these two vaccines were not included in the national immunization program in China, and the proportions of age-appropriate vaccination coverage were critically low (Qu et al., 2017). In the present study, S. pneumoniae and H. influenzae have been shown the rather high detection rate in children with CAP of Beijing and Hebei. Taking into account the above situation, incorporating PCV and Hib into the free immunization program in China would undoubtedly reduce the prevalence of these two agents and might play important roles in preventing childhood CAP.

Sputum samples are likely to be contaminated with upper airway flora, which might lead to false identification of the true pathogen. This is more likely to occur in patients taking antibiotics because antibiotics will inhibit the growth of the causative bacteria (Rodrigues and Groves, 2018). We speculate that this may be the reason why the results of culture were inconsistent with combined-MS methods in five specimens in this study. For other culture-positive samples, bacteria identified using culture were identical to those identified using combined-MS methods, which set a threshold as previously published for excluding the interference of bacteria colonizing (Gadsby et al., 2016). We therefore suggest that collecting induced sputum in children with CAP and analysing them with quantitative molecular bacterial testing can serve as an important complement to traditional culture methods.

By comparing the initial empirical antibiotic treatment with the pathogen-directed therapy guided by combined-MS methods, we found some useful evidence supporting the use of empirical antibiotics. First, H. influenzae was the most commonly identified bacterial pathogen in our study. β-lactam/β-lactamase inhibitor combinations are recommended as its first-line treatment. Therefore, it is recommended the original empirical therapy to be β-lactam/β-lactamase inhibitor combinations in most cases. Second, macrolides are frequently prescribed to children with CAP because of their long half-life and short duration of therapy (Blyth and Gerber, 2018). However, except for CAP caused by atypical pathogens, most macrolides are unnecessary, which was also the case in our study (25.4%) (Al-Niemat et al., 2014; Wunderink, 2018). Overuse of macrolides lead to an economic burden and an increase in macrolide resistance in respiratory pathogens (Gandra et al., 2014; Xiao et al., 2016; McEwen and Collignon, 2018). It is noteworthy that antimicrobial resistance is a crucial consideration when selecting antimicrobials. As the phenotypic characteristics, such as susceptibility, can only be identified using culture-based methods, which offers it irreplaceable advantages over molecular testing. A limitation of the combined-MS method described here was that it cannot provide information on antimicrobial resistance during bacteria detection. However, for multiplex PCR-MS platforms, screening multiple mutations associated with drug resistance is reasonably practicable. Therefore, in the follow-up study, an extra panel targeting resistance genes in key pathogens causative of bacterial pneumonia can be designed and included to complement the detection panel. Combing the positive microbiological identification and AMR profiles of the causative agents, empirical selection of antibiotics would be more effective and individualized.
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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.




Keywords: blood-stream infections, proteotyping, MALDI-TOF MS, proteomics, bacteremia, fungemia, sepsis, rapid diagnostics of infectious diseases



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).
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Enterotoxigenic Escherichia coli (ETEC) is a WHO priority pathogen and vaccine target which causes infections in low-income and middle-income countries, travelers visiting endemic regions. The global urgent demand for an effective preventive intervention has become more pressing as ETEC strains have become increasingly multiple antibiotic resistant. However, the vaccine development pipeline has been slow to address this urgent need. To date, vaccine development has focused mainly on canonical antigens such as colonization factors and expressed toxins but due to genomic plasticity of this enteric pathogen, it has proven difficult to develop effective vaccines. In this study, we investigated the highly conserved non-canonical vaccine candidate YghJ/SsLE. Using the mass spectrometry-based method BEMAP, we demonstrate that YghJ is hyperglycosylated in ETEC and identify 54 O-linked Set/Thr residues within the 1519 amino acid primary sequence. The glycosylation sites are evenly distributed throughout the sequence and do not appear to affect the folding of the overall protein structure. Although the glycosylation sites only constitute a minor subpopulation of the available epitopes, we observed a notable difference in the immunogenicity of the glycosylated YghJ and the non-glycosylated protein variant. We can demonstrate by ELISA that serum from patients enrolled in an ETEC H10407 controlled infection study are significantly more reactive with glycosylated YghJ compared to the non-glycosylated variant. This study provides an important link between O-linked glycosylation and the relative immunogenicity of bacterial proteins and further highlights the importance of this observation in considering ETEC proteins for inclusion in future broad coverage subunit vaccine candidates.
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Introduction

Whereas an increase in the availability of resources such as clean water and professional healthcare has significantly decreased the mortality from E. coli infections in low and middle-income countries (LMICs), the number of non-fatal infections remains high and so does the cost of these infections to societies in low-resource settings due to childhood stunting and delays in cognitive development as well as increased risk of dying from other infectious diseases (Anderson et al., 2019; Khalil et al., 2021). In addition, enterotoxigenic Escherichia coli (ETEC) globally continues to cause severe diarrhea and death in high risk patient groups, including older individuals (Poolman and Anderson, 2018) and is the most common cause of diarrhea in travelers to endemic regions (Olson et al., 2019).

E. coli remains a World Health Organization (WHO) priority pathogen and vaccine target given its high burden and the increasing emergence of Extended-spectrum β-lactamase producing Enterobacteriaeceae including ESBL-ETEC (Shrivastava et al., 2018; Tacconelli et al., 2018). In a recent report, the Wellcome Trust and Boston Consulting Group recommend that vaccine development for enteric E. coli including ETEC be accelerated due to the increasing antimicrobial resistance (AMR) threat (Wellcome Trust, 2019) and this recommendation was repeated in the WHO Action Framework: Leveraging Vaccines to Reduce Antibiotic Use and Prevent Antimicrobial Resistance (World Health Organization, 2020). In striking contrast to the increasing need for therapeutic interventions, the E. coli vaccine pipeline is limited to only 16 vaccine candidates, ten of which are in the research/preclinical phase. Thus, whereas ETEC is a global challenge, both the commercial and academic E. coli vaccine pipeline remains inadequate (Barry et al., 2019; Theuretzbacher et al., 2019; Bekeredjian-Ding et al., 2020; Giersing, 2020).

The traditional canonical antigens of ETEC include colonization factors and secreted toxins. Past efforts in E. coli vaccine development have focused mainly on these important virulence factors. However, E. coli displays huge genomic plasticity, resulting in large variations in virulence factors with each pathotype within the species, which hinders the development of a vaccine with broad coverage based on these canonical antigens (Turner et al., 2006; Moriel et al., 2012; Nesta and Pizza, 2018). With an increased understanding of the complexity of E. coli pathogenesis, significant efforts have been devoted to the discovery and characterization of novel non-canonical antigens (Roy et al., 2010; Fleckenstein et al., 2014; Chakraborty et al., 2016). These antigens form a group of molecular entities identified to be relevant for either pathogenesis, immunology or vaccinology.

One of the non-canonical antigens, which has received significant attention, is YghJ, also known as SslE (Nesta et al., 2014; Chakraborty et al., 2018). YghJ is a secreted and broadly conserved metalloprotease within the pathogenic E. coli family (Luo et al., 2014). During the early stages of infection, YghJ degrades the protective intestinal mucin layer, facilitating access to the epithelial cell surface and colonization, as well as toxin delivery. Moreover, proteomic and transcriptomic analyses show that YghJ is immunogenic in both animals and humans and that expression increases upon adherence to host cells (Roy et al., 2010; Kansal et al., 2013; Chakraborty et al., 2018). From the host’s perspective, it has been demonstrated that YghJ from E. coli strains associated with neonatal sepsis not only causes in vitro stimulation of proinflammatory cytokines in a human intestinal epithelial cell line, but also induces damage to mouse ileal tissues in vivo (Tapader et al., 2016; Tapader et al., 2017). Lastly, immunization with YghJ has been shown to confer some protection in animals against extraintestinal pathogenic E. coli bacteremia (Moriel et al., 2010), uropathogenic E. coli pyelonephritis, ETEC colonization of caecum and E. coli caused sepsis (Nesta et al., 2014). In addition to academic interest, YghJ has also been pursued commercially by Novartis and later Glaxo Smith Kline (Moriel et al., 2010; Serino et al., 2010; Nesta et al., 2014). However, despite the continuous attention on YghJ in ETEC controlled human infection model (CHIM) studies and the established role of YghJ as an important factor in effective intestinal colonization (Fleckenstein et al., 2014; Chakraborty et al., 2018; Mirhoseini et al., 2018; Nesta and Pizza, 2018; Vedøy et al., 2018), YghJ has, to the best of our knowledge, not progressed as a vaccine candidate antigen beyond early animal challenge studies.

With the discovery and identification of O-linked glycosylated proteins, an extra layer of complexity has been added to bacterial pathogenesis. O-linked protein glycosylation, the addition of glycans to either Serine (Ser) or Threonine (Thr) amino acid residues, is well documented in diverse Gram-negative bacterial species such as Neisseria gonorrhoeae, Burkholderia cenocepacia, Acinetobacter baumannii, Pseudomonas aeruginosa as well as E. coli (Benz and Schmidt, 2001; Castric et al., 2001; Vik et al., 2009; Iwashkiw et al., 2012; Lithgow et al., 2014). The species-specific glycans used for protein glycosylation are remarkably diverse but nevertheless important as their loss results in reduced virulence potential, reduced fitness and altered biophysical properties of e.g. adhesins (Knudsen et al., 2008; Faulds-Pain et al., 2014; Schäffer and Messner, 2017; Mohamed et al., 2019). Furthermore, protein glycosylation also appear to increase the antigenic variation in order to evade the immune system of the host (Gault et al., 2015). The most comprehensive O-linked protein glycosylation studies include high-throughput mass spectrometry and the dedicated glycoproteomics technique termed BEMAP (β-elimination of O-linked carbohydrate modifications, Michael addition of 2-Aminoethyl phosphonic acid) (Boysen et al., 2016; Scott, 2019). The BEMAP technique (patent US 10,647,749 B2) can be employed to map O-linked glycoproteins from any biological source and was developed with the intention to identify and expand the repertoire of glycosylated proteins linked to ETEC pathophysiology. Using BEMAP, more than 140 glycoproteins associated with the outer membrane fraction and outer membrane vesicles were previously identified in E. coli K-12 and ETEC H10407 and a potential link between pathogenesis and O-linked glycosylation was discussed (Boysen et al., 2016). This was based on the remarkable finding that protein glycosylations were only found in the pathogenic ETEC strain despite that most of the identified glyco-proteins were conserved on a protein level between ETEC and the commensal E. coli K-12. In addition, it was observed that the majority of canonical as well as non-canonical ETEC virulence factors were glycosylated, including YghJ.

In the present study we have further investigated the extent of YghJ glycosylation and coupled this inherent O-linked protein glycosylation to an increased antigenic potential of YghJ. We have expressed and purified glycosylated YghJ from the canonical ETEC strain H10407 and performed an in depth BEMAP analysis to identify glycosylated Ser/Thr residues. Using BEMAP, we identified 54 modified residues within this 1519 amino acid protein. To obtain a control protein for the investigation of the potential impact of O-linked glycosylation on protein immunogenicity we over-expressed and purified a non-glycosylated version of YghJ. This control antigen was overexpressed from a K-12 MG1655ΔhldE genetic background and the absence of O-linked glycosylation was confirmed using BEMAP. In pathogenic E. coli, HldE catalyzes the biosynthesis of ADP-activated heptose precursor units which are used in protein glycosylation (Benz and Schmidt, 2001; Nakao et al., 2012). Therefore, with the deletion of hldE, the expression strain loses its ability to add heptose glycans to YghJ.

To examine the difference in immune response towards glycosylated YghJ and the non-modified protein variant subsequent to ETEC infection, serum isolated from pre- and post H10407 challenged volunteers was used in ELISA experiments (Chakraborty et al., 2016). Both glycosylated YghJ and non-glycosylated YghJ were recognized by sera from patients prior to infection (day 0). Importantly, the increase in recognition of glycosylated YghJ from days 0 to day 7 and 28 post infection was significantly greater than recognition of non-modified YghJ variant at both time points.

The current study shows that the bacterial mucinase YghJ is a hyper O-glycosylated protein. We also show that antibodies from patients exposed to ETEC infections predominantly recognize glycosylated over non-glycosylated YghJ which points to increased immunogenicity of glycosylated YghJ compared to the non-glycosylated antigen. The current study therefore highlights the importance of considering O-linked glycosylation when considering the role of bacterial proteins in pathogenic evolution but also from the perspective of antigen discovery and the development of effective and more broadly protective vaccines.



Materials and Methods


Bacterial Strains and Culture Conditions

Strains were grown in Luria Bertani (LB) (Sambrook and Green, 2012) or M9 minimal medium (Boysen et al., 2010) supplemented with 0.4% glucose and 0.2% casamino acids. Cells used for electroporation were grown in Super Optimal Broth (SOB) and Super Optimal Broth with Catabolite repression (SOC) (Hanahan, 1983). Protein expression was induced from the PA1/04/03 promoter by 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG). When required, the media was supplemented with either 40 µg/ml Kanamycin or 30 µg/ml Chloramphenicol. Strains and plasmids are listed in Supplementary Table S1 and primers are listed in Supplementary Table S2.



DNA Manipulations

The Datsenko and Wanner system and primers JMJ388 and JMJ389 were used to delete hldE in MG1655 (Datsenko and Wanner, 2000). The hldE gene plays a role in the biosynthesis of ADP-activated heptose units required for post-translational protein heptosylation (Benz and Schmidt, 2001; Nakao et al., 2012). Candidate clones were selected, isolated and tested by PCR using the primer pairs JMJ390+JMJ391 and JMJ390+JMJ99.

To isolate glycosylated YghJ, a 3xFLAG epitope tag was added to the yghJ gene on the ETEC H10407 chromosome as described by Uzzau et al. (2001). In brief, a PCR product generated using pSUB11 as template and the primer pairs GPV18+GPV19 was electroporated into E. coli H10407. Transformants were selected on LB agar plates containing 40 µg/ml kanamycin. The primer pairs GPV16+GPV17 as well as GPV67+GPV147 were used to verify H10407yghJ 3xFLAG. The construct was verified by sequencing.

To isolate a non-glycosylated YghJ protein version, a 3xFLAG epitope tag was added to the yghJ gene and put under an IPTG inducible promoter for expression in a MG1655ΔhldE mutant strain background. Briefly described, An IPTG inducible promoter and the 3xFLAG epitope was added to the yghJ gene in two steps. First, the primers GPV95 and GPV97 were used to generate a PCR product using chromosomal DNA from the ETEC H10407yghJ 3xFLAG strain as template. In the second step, GPV96 and GPV97 were used to generate a PCR product that was digested with XhoI and XbaI and subsequently ligated into pXG-0. This generated pGPV104. pGPV104 was verified by sequencing before transformation into the MG1655ΔhldE mutant strain background.



Protein Purification

Glycosylated YghJ 3xFLAG was isolated from the ETEC H10407yghJ strain grown in M9 minimal medium supplemented with 0.2% glucose and 0.4% casamino acid and 40 μg/ml kanamycin. The culture was grown to OD600 = 2.5 at 37°C after which it was harvested. The culture supernatant was sterile filtered (0.22μm pore size), NaCl and Triton X-100 was added to obtain a final concentration of 200 mM and 0.01%, respectively. Anti-FLAG M2 affinity agarose gel beads (SigmaAldrich; A2220) was used to capture the 3xFLAG epitope. Isolated FLAG affinity agarose beads were washed twice with FLAG Sup wash buffer I (400 mM NaCl, 0.1% Triton X-100, 1 mM EDTA in PBS buffer pH 7.6) and once with FLAG Sup buffer II (400 mM NaCl, 0.01% Triton X-100, 1 mM EDTA in PBS buffer pH 7.6). Elution was accomplished with Elution buffer (500 mM Arginine, 500 mM NaCl, pH = 3.5). Eluate fractions were spin filter concentrated before dialyzed against PBS at 4°C over night in a cold room.

Non-glycosylated YghJ 3xFLAG was isolated from the MG1655ΔhldE/pGPV104 strain grown in LB medium supplemented with 40 μg/ml Chloramphenicol. The culture was grown to OD600 = 2.5 at 37°C after which it was harvested by centrifugation. Cell pellets were collected and 500 μg DNaseI was added before the sample was lysed three times in a French Press at 2.2 kbar. The lysate was cleared by ultracentrifugation at 125.000 x g at 4°C for three hours in a Beckman SW 32 Ti rotor. Sample volume was increased to 1 L and NaCl, Triton X-100 and EDTA was added to obtain a final concentration of 600 mM, 0.01% and 1 mM, respectively. Anti-FLAG M2 affinity agarose gel beads was added to the supernatant and incubated with shake at 4°C O/N in a cold room. FLAG affinity agarose beads were isolated, washed, eluted and dialyzed as described above.



BEMAP and Mass Spectrometry Assisted Identification of Glycosylated Ser/Thr Residues

The BEMAP analysis was carried out as previously described (Boysen et al., 2016). A total of 40 µg protein was used as input to identify glycosylated YghJ Ser/Thr residues. As described in detail in (Boysen et al., 2016), raw data was generated on LTQ Orbitrap Velos, Orbitrap Velos Pro or Q-Exactive Plus mass spectrometers (Thermo Fisher Scientific, Bremen, Germany). Data was processed with Proteome Discoverer (Version 1.4.1.14, Thermo Fisher Scientific) and subjected to database searching using an in-house Mascot server (Version 2.2.04, Matrix Science Ltd., London, UK). Database searches were performed as previously described (Boysen et al., 2016). 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 PXD025876.



Experimental Human Challenge Study

In a dose descending experimental challenge model, healthy American adult volunteers were challenged with an ETEC strain H10407 in 3 cohorts in an in-patient unit at Johns Hopkins University as described before (Chakraborty et al., 2016). Samples from cohort 2, where volunteers were challenged with 107 CFU of ETEC, were used in this study. Subjects were excluded if they had significant medical problems; if an HIV-1, hepatitis B, or hepatitis C test was positive; or if they had traveled to countries where ETEC or cholera infection is endemic within two years prior to receipt of investigational agent. After challenge, subjects were monitored for signs and symptoms of enteric illness. All the subjects were treated with antibiotics 120 hours (5 days) after challenge, or earlier if required because of the diarrhea illness according to the clinical protocol. Diarrhea was classified as mild (1 to 3 diarrheal stools totaling 200 to 400 g/24 h), moderate (4 to 5 diarrheal stools or 401 to 800 g/24 h), or severe (6 or more diarrheal stools or ≥800 g/24 h). No diarrhea was defined as no loose stool observed. The volunteers challenged with 2x107 dose resulted in attack rate of 67%.



ELISA Experiment

96-well Maxisorb ELISA plates (Nunc, Denmark) were coated overnight at 4°C with glycosylated and non-glycosylated YghJ (2.5 μg/mL) in phosphate buffered saline (PBS). Plates were washed twice and blocked with PBS containing 0.05% Tween 20 for 15 min before the human serum samples (PBS containing 0.05% Tween 20 and 3% skimmed milk), from the experimental challenge model described above, were added to the plate. Each serum sample was two-fold serial diluted in 11 wells starting with a dilution factor of 25. The twelfth well was used for background determination (no serum). All three sera from each patient were analyzed on the same plate. After 1 hr of incubation with serum, the plates were washed 3 times with phosphate buffered saline (PBS) containing 0.05% Tween 20. Secondary polyclonal rabbit anti-Human IgG/A/M (DAKO P0212) HRP conjugated antibody was diluted x1000 and added to all wells in the plates. The plates were washed as described above before the signal strength was detected using TMB X-tnd (Kementec cat. no. 5280) and a Molecular Devices microplate reader set at 450nm. SoftMax Pro 7 software was used to fit measured intensity values (arbitrary units) as a function of serum concentration. Endpoint titers at 0.4 units above background were read from the fitted curve as described in Chakraborty et al., 2019 (Chakraborty et al., 2019).



SDS-PAGE and Western Blots

Denaturing Western blotting was used to detect YghJ protein secreted to the culture supernatant as well as for the analysis of purified glycosylated YghJ and non-glycosylated YghJ. YghJ protein samples were boiled and run on PAGE gels as described in (Boysen et al., 2010). After the transfer, the membrane was blocked with 1% skimmed milk in PBS buffer with 0.05% Tween-20 for 1 hour. When analyzing human serum samples, the membrane was blocked with 3% skimmed milk in PBS buffer with 0.05% Tween-20 for 1 hour. Both primary and secondary antibodies were diluted into 1% skimmed milk in PBS buffer with 0.05% Tween-20. Incubation times were 1 hour. The antibodies were diluted as shown in Supplementary Table S3. Blots were developed using Immobilon Forte Western HRP substrate (Millipore). The signal was detected using an Amersham Imager 680 (Cytivalifesciences).

Native Western blotting was used to detect purified glycosylated YghJ and non-glycosylated YghJ. Briefly described, YghJ protein was mixed 1x SDS native loading buffer (60 mM Tris-HCl, pH 6.8, 10% glycerol, 0.005% bromphenol blue) at room temperature before loading onto a NUPAGE 4-12% Bis-Tris Gels (Invitrogen). Proteins were separated in a native MES buffer (50mM MES, 50mM Tris Base, 0.01% SDS, pH 7.3) after which they were transferred to a PVDF membrane as described above. The YghJ specific signal was obtained as described above.



Statistical Analysis

For preparation of graphs and statistical analysis, we used Prism, version 6.07 (GraphPad Software, San Diego, CA). To test for differences in YghJ specific antibody levels in serum samples, between day 0 and day 7 as well as day 0 and day 28, we used Wilcoxon signed rank test. Minimum p-values, for which the null hypothesis was rejected, were reported. P-values ≤ 0.05 were considered significant.




Results


BEMAP Reveals Extensive YghJ O-Linked Protein Glycosylation

We have previously established a catalogue of O-linked glycosylated proteins in ETEC strain H10407 (Boysen et al., 2016; Maigaard Hermansen et al., 2018). More than 200 proteins were found to be modified and >800 specific glycosylated Ser/Thr residues were identified in the screening. Among these, the non-canonical antigen YghJ was found to be modified at four sites (Boysen et al., 2016). In the current study YghJ was affinity purified using a 3xFLAG epitope tag added to the C-terminus of the protein (Uzzau et al., 2001). Under standard laboratory conditions, ETEC secretes enzymatically active YghJ into the growth medium (Luo et al., 2014), thus, to ensure that only fully processed and modified YghJ was analyzed by BEMAP, we purified the exported protein from the culture supernatant. With an input of 40 μg purified YghJ, 28 peptides which contained a total of 54 glycosylated residues were identified using the BEMAP protocol, see Table 1.


Table 1 | BEMAP analysis of glycosylated YghJ. YghJ was digested with Trypsin and O-linked glycosylated peptide sequences were identified using BEMAP in combination with mass spectrometry.



Thus, whereas the previous screening revealed four glycosylated sites in YghJ, our in depth analysis shows that approximately 25% of all the Ser/Thr residues in YghJ are O-linked glycosylated. When assigning the glycosylation site to the primary sequence of YghJ, the modifications were more or less evenly distributed throughout the protein. We next investigated if the O-glycosylation sites were randomly distributed within the protein structure or if they clustered into particular spatial regions, which could be of biological importance. Unfortunately, an YghJ crystal structure remains to be resolved. However, we used the Protein Homology/analogY Recognition Engine (Phyre2) to generate a 3D model of the protein. The algorithm was able to assign a structure to the last 500 aa of the protein and we visualized the structural position of the O-glycosylation sites by highlighting sugar-modified residues within the structures, see Supplementary Figure S1. We found that in general, the glycosylation sites were surface exposed and located in unstructured regions on the protein. In previous studies it has been speculated that the spatial arrangement of the glycosylated residues could be a mode to scramble the surface structure in order to evade recognition by the immune system (Gault et al., 2015). Based on the Phyre2 model prediction and the location of the glycans, it is possible that the YghJ modifications serve the same immunologic purpose.



Purification and Characterization of Glycosylated and Non-Glycosylated YghJ

The extensive O-linked protein glycosylation observed in ETEC indicates a role for these modifications in normal cellular physiology in addition to virulence (Boysen et al., 2016; Maigaard Hermansen et al., 2018). We speculated if this abundant but overlooked type of protein modification for example could influence protein conformation. To examine this, we first purified and characterized a glycosylated and non-glycosylated version of YghJ. As for the BEMAP analysis, glycosylated YghJ was isolated from the ETEC culture supernatant. In contrast, the non-glycosylated YghJ version was ectopically expressed, and affinity purified from a commensal E. coli MG1655ΔhldE mutant background. Pathogenic E. coli uses mono heptoses for protein glycosylation and the synthesis of these glycans depends on the hldE gene (Benz and Schmidt, 2001; Nakao et al., 2012; Boysen et al., 2016). Therefore, with the deletion of hldE, the expression strain would lose its ability to modify YghJ with this type of glycan. To assess the conformation of glycosylated YghJ and the non-glycosylated counterpart, the linear and native structure of both proteins were compared using reducing and native PAGE analysis, respectively. As shown in Figure 1, several bands carrying the FLAG-tag were identified for both glycosylated and non-glycosylated YghJ. These bands reflect degradation of the proteins during the purification process. It is observed that both proteins displayed similar migration patterns and the degradation fragments were of equal sizes. Next, we verified the non-modified state of YghJ isolated from the MG1655ΔhldE expression strain, using 40 μg purified protein as input to a BEMAP analysis. No modified sites were identified (data not shown). Based on the PAGE analysis and BEMAP, we conclude that our purification approach allows us to isolate glycosylated YghJ as well as a non-glycosylated version. In addition, the modifications do not appear to dramatically influence the overall protein structure, but it is possible that the glycosylation could induce local conformational changes throughout YghJ (Shental-Bechor and Levy, 2008).




Figure 1 | Western blot analysis of purified glycosylated and non-glycosylated YghJ. Glycosylated and non-glycosylated YghJ was loaded onto a PAGE gel and run under either non-reducing (left panel) or reducing conditions (right panel) to assess the linear and native protein conformations. Molecular weight marker (kDa) was loaded in lane 1. Glycosylated YghJ was loaded in lanes 2 and 4 whereas the non-glycosylated protein variant was loaded in lanes 3 and 5. Chicken anti-FLAG antibodies (diluted x4.000) and HRP conjugated rabbit Anti-Chicken IgY (diluted x5.000) were used to visualize YghJ.





YghJ Glycosylation Is Associated With Increased Recognition by Human Immune Response

The controlled human infection model (CHIM) has advanced the understanding of ETEC pathogenesis, assisted in characterizing the gut mucosal immune system and aided the search for candidate vaccine antigens, as well as evaluating early candidates in Phase 1/2/2B clinical trials (Chakraborty et al., 2016; Chakraborty et al., 2018; Vedøy et al., 2018). In this study we use sera from the CHIM study to investigate the human YghJ-specific immune response following infection (Chakraborty et al., 2015). Only individuals which experienced a moderate to severe diarrhea when ingesting ETEC were included in this analysis.

As shown above, the 1519 amino acid protein YghJ is glycosylated at 54 different Ser/Thr residues. Therefore, these glycan-peptide epitopes constitute only a fraction of YghJ epitopes presented to the immune system during infection. Nevertheless, we speculated whether the ingestion of ETEC and thus an exposure to glycosylated YghJ would raise an immune response, which differed in recognition compared to the non-glycosylated protein variant. Specifically, we investigated the difference between antibodies recognizing the glycosylated YghJ as compared to the non-glycosylated variant using 17 serum samples from the CHIM study. In order to quantitatively assess the immune response, we conducted ELISA experiments. Serum isolated from the individuals before infection (Day 0), after 7 days (Day 7) and 28 days (Day 28) post infection was used as input for the analysis. The relative serum antibody response towards the glycosylated and non-glycosylated antigen is shown in Figures 2A, B. As shown in Figure 2C, we have plotted the relative increase in immune response towards the two antigens by comparing the Day 0 samples to either Day 7 or the Day 28 samples in a patient by patient manner. In our analysis, serum samples withdrawn from patients on Day 7 showed a significantly stronger response (p = 0.0003) towards the glycosylated YghJ (+glyco) compared to the non-modified protein variant (-glyco) with calculated medians of 2.3 and 1.3, respectively. The response towards glycosylated YghJ and the non-modified protein variant became even more pronounced on Day 28 (p = 0.0001). The patient-to-patient variability in antibodies recognizing glycosylated YghJ increased and the median rose from 2.3 to 3.0. On the other hand, the level of patient antibodies recognizing non-glycosylated YghJ was more uniformly distributed and the median increased modestly from 1.3 to 1.6.




Figure 2 | ELISA experiment using 17 serum samples from a controlled human infection model (CHIM) study showing the relative immune response towards glycosylated YghJ (+glyco) and the non-glycosylated protein variant (-glyco). (A) Arbitrary anti non-glycosylated YghJ IgG/A/M antibody levels in serum 0, 7 and 28 days after ETEC ingestion is shown. (B) Arbitrary anti glycosylated YghJ IgG/A/M antibody levels in serum 0, 7 and 28 days after ETEC ingestion is shown. (C) The ratio between measured endpoint titers obtained at Day 0 and Day 7 as well as Day 0 and Day 28 for antibodies that bound –glyco (squares) or +glyco (circles) was calculated and plotted. A Wilcoxon matched-pairs signed rank test was performed to evaluate significant differences in the immune response towards glycosylated and non-glycosylated YghJ. ***P = 0.0003. ****P < 0.0001. Median with interquartile range for each data set is indicated.



To ensure that serum ELISA signal depended only on YghJ recognizing antibodies, two control experiments were performed. In one control experiment we used Western blotting and serum samples from three patients to probe for glycosylated YghJ to determine if co-purified contaminants had contributed to the ELISA signals. In this analysis, we detected one specific YghJ signal suggesting our results exclusively are based on antibodies recognizing our antigen (Supplementary Figures S2 and S3). In another control experiment ELISA plates were coated with a nonsense protein and the serum response measured. Only low titers, with no correlation to sample day were observed, supporting that we have measured an YghJ-specific antibody response in our experimental setup (data not shown).

Remarkably, even though the protein glycosylation only constitutes a minor fraction of all the possible epitopes, our ELISA results show that the immune response towards glycosylated YghJ is stronger than that of the non-glycosylated protein variant. These results assign a clear role to protein glycosylation in the immune response against the YghJ antigens, both natural and recombinant.




Discussion

BEMAP is a sensitive, selective and robust method which enables the identification of O-linked glycosylated sites in proteins (Boysen et al., 2016). When screening for glycosylated proteins in ETEC H10407, four glycosylated YghJ Ser/Thr sites were initially identified within the 1519 amino acid sequence. In this study, we have used BEMAP to further study glycosylated YghJ purified from ETEC H10407. As shown in Table 1, our analysis increases the number of identified sites from four to a total of 54 and we conclude that YghJ is hyperglycosylated. The macro heterogeneity, or glycan site occupancy, for each Ser/Thr residue within YghJ remains to be determined but we speculate that the site variation may be just as significant as observed in the Eukaryotic domain (Čaval et al., 2021). The BEMAP method can only determine if a site is modified or not. Therefore, if the site occupancy varies, it is possible that even more sites may be identified if more protein is analyzed and/or the sensitivity of the used MS instrument is increased. Based on the results presented here, we have firmly established that YghJ is hyperglycosylated and our observations indicate that this non-canonical ETEC antigen should be added to the growing list of modified bacterial proteins with potential vaccine importance. Moreover, as demonstrated with YghJ, we highlight that the BEMAP method has the potential to reveal novel insights into proteins already extensively characterized (Luo et al., 2014; Nesta et al., 2014).

Post translational protein modifications in the prokaryotic world have until recently been regarded as rare and exotic. However, increasing efforts are being dedicated to understanding the functions and benefit of protein glycosylation in the context of immunogenicity. Some studies have for example demonstrated that the glycosylation mask the surface of the protein or even forms a glycan-shield in order to avoid recognition by the immune system of the host (Gault et al., 2015; Walls et al., 2016). The mapping of the glycosylated residues onto a Phyre2 based 3D model (Kelley et al., 2015) of YghJ (Supplementary Figure S1) reveals extensive surface exposure of the glycans. Therefore one could imagine a similar role for YghJ protein glycosylation. This hypothesis, however, is rejected by our data presented in Figure 2, showing that YghJ glycosylation increases the overall immunogenicity of the protein although they only constitute a small fraction of all the available epitopes.

In this study, we have preliminarily investigated if these modifications induce topology changes of YghJ by comparing the native and denatured conformation of the protein. As presented in Figure 1, the PAGE analysis did not reveal any detectable differences between glycosylated YghJ and the non-modified protein variant when examined under the different experimental conditions. This indicates, that if the glycosylation does induce conformational changes in YghJ, they are local. However, the data does not exclude the possibility that O-linked glycosylation serves to influence folding kinetics, protein stability or contributes to protein function as seen with other glycoproteins (Knudsen et al., 2008; Shental-Bechor and Levy, 2008).

Despite an increasingly important unmet public health need, there is still a large number of important bacterial pathogens such as ETEC where the first effective vaccine has yet to enter the market. The evidence of widespread bacterial O-linked protein glycosylation and the impact of these modifications on function and immunogenicity is accumulating at an increasing rate. We speculate that the failure to produce safe and high efficacy subunit vaccines targeting bacterial pathogens may in part be associated with absence of immunologically important O-linked glycosylations in the final protein antigen formulation. The absence of these glycosylations could for example arise if protein antigens are produced in an E. coli K-12 background. In a previous study we identified cell surface-associated glycoproteins from ETEC and E. coli K-12 (Boysen et al., 2016). Here we observed that the majority of the ETEC glycoproteins were conserved in both strains but nevertheless were only glycosylated in the pathogens. This suggests that antigen expression in E. coli K-12 will result in little or no protein glycosylation at all. As described, all CHIM patients carried antibodies against YghJ on day 0 and 67% of the enrolled patients became ill when exposed to a dose of ETEC. This suggests that prior exposure to E. coli did not raise antibodies against YghJ or any other E. coli antigen, associated with cross-protection against ETEC. This lack of protection may be a matter of antibody threshold levels. It has previously been reported, that the higher the baseline level of serum IgA and IgG against ETEC in unvaccinated individuals, the lower the incidence of moderate to severe illness (McKenzie et al., 2008). With this study, using serum from an ETEC controlled human infection study, we have provided an important link between protein glycosylation and the immunogenicity on an established and well investigated non-canonical ETEC antigen. It is possible that YghJ could show the same level of cross-protection as demonstrated in Shigella using the conserved protein outer membrane protein PSSP-1 (Kim et al., 2018). Future investigations will include specific epitope analyses of the glycosylated YghJ and the non-modified protein variant to further study the antigenic potential of O-linked glycosylation. We believe that the increased immunogenicity of glycosylated YghJ compared to the non-modified protein variant will prove to be a distinguishing factor impacting on the ability of this protein to induce protective immune responses and thus enhance its potential as a non-canonical antigen component of future diarrheagenic and uropathogenic E. coli vaccines.
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Acinetobacter baumannii, especially multidrug resistant Acinetobacter baumannii, is a notable source of pressure in the areas of public health and antibiotic development. To overcome this problem, attention has been focused on membrane proteins. Different digestion methods and extraction detergents were examined for membrane proteome sample preparation, and label-free quantitative and targeted proteome analyses of the polymyxin B-induced Acinetobacter baumannii ATCC 19606 membrane proteome were performed based on nano LC-MS/MS. Ultracentrifugation of proteins at a speed of 150,000×g, digestion by trypsin, filter-aided sample preparation, and detergents such as lauryldimethylamine-N-oxide were proved as a fast and effective way for identification of membrane proteome by nano LC-MS/MS. Upon treatment with polymyxin B, expression levels of 15 proteins related to membrane structure, transporters, cell surface, and periplasmic space were found to be significantly changed. Furthermore, targeted proteome was also used to confirm these changes. A relatively rapid membrane proteome preparation method was developed, and a more comprehensive view of changes in the Acinetobacter baumannii membrane proteome under polymyxin B pressure was obtained.
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Introduction

Acinetobacter baumannii (A. baumannii) is a Gram-negative bacterium that can cause serious nosocomial infection (Lin and Lan, 2014) and has developed extensive antimicrobial resistance with a high mortality rate (Vazquez-Lopez et al., 2020). The World Health Organization (WHO) reported that A. baumannii was one of the most serious ESKAPE organisms (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas aeruginosa, and Enterobacter cloacae) which could effectively escape the actions of antibacterial drugs (Boucher et al., 2009). With the increase in multidrug resistance (MDR), A. baumannii showed resistance to many first-line antibiotics, even colistin and polymyxin B (Olaitan et al., 2014).

In bacteria, approximately 20% to 30% of all genes encode membrane proteins. Membrane proteins play vital roles not only in defense and immunity but also in essential physiological functions, such as the generation or conversion of energy, the import or export of metabolites, the extrusion of toxic substances or antibiotics, and the homeostasis of metal ions (Ansgar and Dirk, 2010). Many membrane proteins were found to be related to drug resistance or potential therapeutic targets, such as OmpA in A. baumannii (Bunpa et al., 2020).

In the past few decades, attention has been given to the bacterial membrane proteins, and proteome techniques for the detection of membrane proteins have been developed to help to identify the classes of proteins. Previous studies reported that the use of SDS-PAGE and LC-MS/MS to separate and detect bacterial membrane proteins (Ghosh et al., 2008) and 135 membrane proteins and 23 periplasmic proteins in A. baumannii ATCC 19606 were identified (De et al., 2011). Then two-dimensional gel electrophoresis (2-DE) was used to improve the separation efficiency, and 29 major protein spots were selected for MS analysis (Cordwell, 2006; Marti et al., 2006). In recent years, with the improvement of mass spectrometry, shotgun proteomics based on peptide detection combined with quantitative methods has been developed and widely used in protein identification and the comparison of protein expression levels (Boumediene and Boris, 2015). Currently, the quality and quantity of protein identification are further improved with the optimization of sample preparation methods such as filter-aided sample preparation (FASP), and the emergence of high-resolution mass spectrometers.

However, apart from the promotion of equipment and methods for detection, efficient and effective membrane protein extraction methods are essential for membrane peptide/protein identification. Characterization of the membrane proteome is challenging due to the hydrophobic nature of membrane proteins. Techniques such as density gradient centrifugation and ultracentrifugation have also been developed to separate membrane complexes (Papanastasiou et al., 2016). Amphiphilic molecules, such as detergents, are the main reagents used to extract membrane proteins, which can replace and imitate the stabilizing properties of natural phospholipids to avoid irreversibly disrupting the protein structure (Gao et al., 2017). According to the characteristics of their polar groups, detergents are generally divided into ionic, nonionic, and zwitterionic categories (Liu et al., 2015). Various studies have evaluated the effectiveness of extraction for targeted membrane proteins (Arachea et al., 2012). However, there are no guidelines that can recommend which detergent is the most effective for extracting a given protein class or total proteome from the membrane. Therefore, although the use of detergent-based proteomics analysis has produced a large amount of useful data, there is still an urgent need for novel methods that are effective for the overall membrane proteome and are not affected by detergent side effects. In our study, we evaluated the effectiveness of different digestion enzymes, digestion conditions, and detergents [ionic (sodium deoxycholate, SDC), nonionic (dodecyl-b-D-maltoside, DDM, or n-octyl-b-D-glucoside, OG), and zwitterionic detergents (lauryldimethylamine-N-oxide, LDAO or 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, CHAPS)] in A. baumannii membrane proteome analysis by nano LC-high resolution MS and developed an effective and rapid workflow for A. baumannii membrane proteome analysis.

Polymyxins have been treated as a last choice for the therapy of serious infections caused by multidrug-resistant Gram-negative bacteria, particularly A. baumannii (Nang et al., 2021). Many studies have focused on the mechanism of polymyxins in bacteria, and some have elucidated the molecular and chemical interactions between polymyxins and lipopolysaccharide structure (Ayoub Moubareck, 2020). However, there is little research observing the effect of polymyxin B on A. baumannii from the perspective of the whole membrane proteome by high-resolution MS. Thus, in our study, label-free quantitative proteome and parallel reaction monitoring (PRM) targeted proteome were used to explore the differentially expressed membrane proteins in polymyxin B treated A. baumannii ATCC 19606.



Material and Methods


Bacterial Strains and Materials

Acinetobacter baumannii (A. baumannii) ATCC19606 was purchased from American Type Culture Collection (ATCC) (Manassas, USA). OG, LDAO, DDM, CHAPS, and SDC were purchased from Sigma-Aldrich (St. Louis, MO). Trypsin Gold, Mass Spectrometry Grade, and Trypsin/Lys-C Mix, Mass Spec Grade, were purchased from Promega (WI, USA). Nanosep® Centrifugal Devices with Omega™ Membrane 10K were purchased from Pall Nanosep (Ann Arbor, MI).



Cell Culture and Sample Preparation

A. baumannii ATCC19606 was cultivated in Luria–Bertani (LB) broth at 37°C with shaking (220 rpm) until OD600 reached 0.6. Bacterial cells were harvested by centrifugation at 4,000×g for 10 min and washed with 0.85% NaCl. Bacterial precipitation was frozen at -80°C until use. A. baumannii cells were resuspended in Na2CO3 buffer (0.1 M) for sonication at 4°C. Cell debris was removed by centrifugation (12,000×g for 10 min, 4°C). Supernatants were transformed into thick-walled tube and ultracentrifuged at 50,000 or 150,000×g for 30 min. The previous steps were repeated twice to wash off non-membrane proteins as much as possible. Then, the detergents (4% CHAPS, 1% DDM, 2% SDC, 0.5% OG, and 1% LDAO) were added and incubated at 4°C overnight, after which ultracentrifugation was performed at 50,000×g for 30 min. Suspensions were collected for peptide preparation. After reduction by 10 mM dithiothreitol (DTT) at 95°C for 5 min, proteins were precipitated by frozen acetone and stored at -20°C for 30 min. Then, the precipitate was redissolved by 50 mM ammonium bicarbonate, then digested in solution by sequencing grade trypsin (1:50 w/w, Promega, Madison, WI) or trypsin/Lys-C Mix (1:25 w/w, Promega, Madison, WI) overnight at 37°C. For the FASP method, precipitate redissolved by 50 mM ammonium bicarbonate were transfer on ultrafiltration tube, centrifuged at 14,000×g for 30 min. Digestions were performed by microwaving for 2 min and then overnight at 37°C in 50 µl 50 mM ammonium bicarbonate with trypsin or trypsin/Lys-C Mix. Last, the sample was desalted by C18 reverse-phase Tips (ReproSil-Pur Basic C18, 5 µm, Dr. Maisch GmbH). For the study on Acinetobacter baumannii treated with polymyxin B, A. baumannii ATCC19606 was cultivated until OD600 reached 0.5, then polymyxin B was added (0.5 µg·ml-1) and bacteria were cultivated at 37°C for 1.5 h. Four biological replicates were performed, and both control and treatment groups were collected and lysed. Ultracentrifugation of proteins at a speed of 150,000×g, digestion by trypsin, filter-aided sample preparation, and lauryldimethylamine-N-oxide were used for membrane peptide acquisition.



Nano LC−MS/MS and Data Acquired

Samples were analyzed on a Thermo Scientific Orbitrap Fusion Lumos platform. The trap and separation columns along with the composition of solvent buffer A and B used in nano LC were the same as previously reported (Lu et al., 2021). Furthermore, a 75-min elution method was set as follows; the gradient started from 10% of solvent buffer B (80% acetonitrile with 0.1% formic acid) and then from 10% to 13% of solvent buffer B for 4 min. The gradient rose from 13% to 29% of solvent buffer B for 48 min and from 29% to 37% for 14 min. Ultimately, the gradient ascended to 100% of buffer B and was maintained for 9 min. The scan parameters of MS1 and MS2 were set as previously reported (Lu et al., 2021) with high energy collision-induced dissociation (HCD) as the activation type and Orbitrap as the detector. Data-dependent acquired data with four biological replicates were collected and searched against the Acinetobacter baumannii ATCC 19606 database downloaded from UniProt. The search parameters were set as previously reported (Lu et al., 2021), and the FDR was limited to a maximum of 0.01. Protein identification and label-free quantification (LFQ) analysis were all analyzed by Thermo Scientific™ Proteome Discoverer™ version 2.2 (PD2.2). The nano LC-MS/MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD026714.



Bioinformatics Analysis

The counts of protein groups, peptide groups, PSMs, and MS/MS spectra were analyzed by PD 2.2, comparison between groups were performed by t test or one-way ANOVA. Venn analysis was used to compare the efficiency of different enzyme digestion methods to identify proteins. GRAVY and amino acid components were used to evaluate the peptides identified by different detergents used in extraction (Gao et al., 2017). For polymyxin B-induced A. baumannii ATCC19606, label-free quantitative analysis was performed as previously reported (Lu et al., 2021). In brief, missing value processing, CV limitation, and hypothetical tests were applied and proteins with fold change >1.5 and p < 0.05 were considered significantly changed. Differentially expressed proteins were annotated and clustered for enrichment by the Gene Ontology enrichment tool. In view of the lack of the A. baumannii ATCC19606 KEGG database, the database of A. baumannii AYE was used as both the GO annotation and KEGG pathway databases were relatively complete. The KEGG pathway database of A. baumannii AYE was used to aid in discovering the affected pathways under polymyxin B pressure.



Targeted Proteome Analysis

PRM, a targeted proteome method that can be performed by the nano LC-Orbitrap Fusion Lumos platform, was employed to verify the differentially expressed proteins. The extraction and preparation methods were the same with the label-free proteome analysis, and four biological replicates were generated. More than two peptides were selected for each protein, and peptides with missed cleavage sites and amino acid residues susceptible to modification such as M were excluded. Parameters of peptides (retention time, precursor m/z, and charge state) were exported by Skyline software according to the previous data-dependent acquisition (DDA) experiments. Moreover, the nano LC parameters were the same with that previously described. PRM was monitored by an Orbitrap detector, and a 0.7-m/z isolation window was used, as previously reported (Lu et al., 2021). PRM results were analyzed by Skyline with DDA results served as spectral library. Peptides were selected by t test with p-value < 0.05 and fold change >1.5.




Results


Effects of Ultracentrifugation and Digestion Enzymes on Membrane Protein Identification

As shown in Figure 1, the number of protein groups, peptide groups, PSM, and MS/MS spectra at the speed of 150,000×g were higher than those obtained at 50,000×g. For membrane protein identification, there were 241 proteins common across the two groups, and 4 exclusive to the 50,000×g group and 19 exclusive to the 150,000×g group (Supplementary Table 1). Digestion in solution by trypsin was less effective than digestion on the membrane by trypsin with fewer protein groups, peptide groups, peptide spectrum match (PSM), and MS/MS spectrum (Figure 2A). Interestingly, the addition of LysC did not improve the digestion quality and quantity. Then, membrane proteins identified in different groups were compared to obtain the counts of overlap (Figure 2B and Supplementary Tables 2–4).




Figure 1 | Analysis results for ultracentrifugation at the speed of 150,000×g and 50,000×g (A) The counts of total protein groups, peptide groups, PSM, and MS/MS spectrum at speeds of 150,000×g and 50,000×g; comparison between groups was performed by t test, (*) p < 0.05. (B) Venn plot of membrane proteins identified at speeds of 150,000×g(N15) and 50,000×g(N5).






Figure 2 | Analysis results for different digestion methods. (A) Counts of total protein groups, peptide groups, PSM, and MS/MS spectrum of trypsin and trypsin-LysC digestion in solution or by FASP; comparison between groups was performed by one-way ANOVA, (***) p < 0.001, (****) p < 0.0001. (B) Venn plot of membrane proteins identified of trypsin (TRP) and trypsin-LysC digestion (TRPC) in solution or trypsin (MTRP) and trypsin-LysC digestion (MTRPC) by FASP.





Detergent Efficiencies of Membrane Protein and Peptide Identification

We investigated the performances of different detergents including CHAPS, DDM, SDC, LDAO, and OG for membrane protein lysis and extraction. First, as shown in Figure 3A, the number of protein groups, peptide groups, and PSM of the LDAO group were highest among the five groups, and the number of MS/MS spectra in the DDM group was highest. Then, the membrane proteins identified in different groups were compared to acquire the numbers of overlaps (Figure 3B), 339 membrane proteins were identified in LDAO group, while 269, 330, 335, and 326 membrane proteins were identified in CHAPS, DDM, DOC, and OG groups, respectively (Supplementary Table 5). We further compared the amino acid distribution and grand average of hydropathy (GRAVY) scores, and the curves of amino acid distribution curves were similar among groups (Figure 3C). Hydrophobic peptides (peptides with positive GRAVY values) and hydrophilic peptides (peptides with negative GRAVY values) were identified and classified, as shown in Figure 3D. All groups showed a higher proportion of hydrophilic peptides. Interestingly, the curves of the GRAVY score for DDM and SDC were similar, while that of LDAO was the highest.




Figure 3 | The performances of CHAPS, DDM, SDC, LDAO, and OG for membrane protein lysis and extraction. (A) The identified counts of total protein groups, peptide groups, PSM, and MS/MS spectrum using different detergents; comparison between groups was performed by one-way ANOVA, (**) p < 0.01, (****) p < 0.0001. (B) Venn plot of membrane proteins identified using different detergents. (C) Amino acid distribution of peptides identified using different detergents. (D) GRAVY values of peptides identified using different detergents.





Comparative Membrane Proteomics Under Polymyxin B Pressure

Optimized membrane protein extraction and peptide preparation methods were applied to the proteome analysis of polymyxin B-induced A. baumannii ATCC 19606. A previous study has found that polymyxin B inhibited A. baumannii ATCC 19606 at a minimum inhibitory concentration (MIC) of 1 μg·ml-1 (Cui et al., 2020). In our study, a sublethal concentration of polymyxin B (0.5 μg·ml-1) was used and four biological replicates were performed. In total, 2,000 proteins were identified with a cutoff of FDR <0.01 (Supplementary Table 6). Proteins with a CV value greater than 30% and a large proportion of missing values were excluded, and 421 membrane proteins (Supplementary Table 7) including membrane structure proteins and proteins located in the cell surface or periplasmic space and transporter were identified in both groups. Good repeatability was verified by linear correlations with R2 > 0.9 (Supplementary Figure 1). The expression levels of 15 membrane proteins were identified as significantly changed under polymyxin B pressure (Figure 4A) based on a max fold change > 1.5 and adjusted p value (p < 0.05). The expression levels of 11 membrane-related proteins reduced while 4 proteins increased under polymyxin B pressure.




Figure 4 | Label-free quantitative analysis of polymyxin B-induced (A) baumannii ATCC19606. (A) Volcano plot of scaled values for proteins. Red indicates upregulation, and green indicates downregulation. (B) Chromatogram of PRM fragment ions for VLDLAVR and the peak area comparison of polymyxin B-treated and untreated groups. Control groups: C1, C2, C3, and C4; polymyxin B-treated groups: R1, R2, R3, and R4.



All 15 significantly changed membrane proteins (Supplementary Table 8) were analyzed by gene ontology (GO) annotation enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. As shown in Supplementary Figure 2, most of the enriched proteins were related to transport, localization, cellular anatomical entity, membrane, binding, etc. Due to the lack of the KEGG pathway database of A. baumannii ATCC19606, we aligned all the proteins to A. baumannii strain AYE to perform the KEGG pathway enrichment. According to the analysis results, D0CAD3 and D0C805 were involved in the ABC transporter pathway while D0CBP8 and D0C805 were involved in the two-component system pathway, indicating the extensive effects of polymyxin B on the membrane proteins of A. baumannii ATCC19606. We further quantified 5 proteins with 15 peptides (Supplementary Table 9, Figure 4B) as significantly differentially expressed proteins (p value < 0.05 and fold change >1.5) by PRM targeted proteomics.



Discussion

Recently, given the confirmation of the roles of cell membrane proteins in bacterial survival, defense, immunity, and drug resistance, interest has been focused on bacterial cell membrane proteins (Ansgar and Dirk, 2010). However, the complexity and specificity of membrane protein structures limit the extraction efficiency, and effective methods need to be developed. Moreover, the low abundance of membrane proteins and separation methods such as 1-DE or 2-DE has led to a limited number of identified proteins (Cordwell, 2006). As quantitative proteomics based on LC-high resolution MS has been widely used in studies related to pathogenic microorganism, compatible bacterial membrane extraction and preparation methods need to be developed.

In our study, ultracentrifugation combined with Na2CO3 was used to separate membrane proteins (Zhang et al., 2008). The extraction efficiency of proteins and peptides at a speed of 150,000×g was much higher than that at a speed of 50,000×g. Different protein digestion methods were also verified, and the digestion efficiency of by the FASP method was much higher than that of the in-solution digestion. Moreover, although studies have determined that LysC could help improve the digestion efficiency of the total proteins (Hakobyan et al., 2019), for membrane proteins, LysC decreased the digestion efficiency of both the FASP and in-solution digestion methods. We further classified the proteins by GO annotation enrichment. A total of 245 and 260 membrane proteins were obtained separately at speeds of 50,000×g and 150,000×g, respectively. A total of 252, 218, 314, and 289 membrane proteins were acquired separately for the trypsin (in solution), trypsin-LysC (in solution), trypsin-FASP, and trypsin-LysC-FASP methods, respectively.

Detergents are commonly used in membrane protein extraction. DDM is a mild detergent with the ability to purify membrane proteins and solubilize hydrophobic proteins without changing their structures (Liu et al., 2015; Lu et al., 2021). SDC, which is friendly to trypsin and can be removed easily from the peptides solution, demonstrated good ability in membrane protein extraction (Moore et al., 2016). CHAPS, LDAO, and OG were commonly used in proteome extraction (Arachea et al., 2012). In our study, we evaluated the extraction efficiencies of CHAPS, DDM, SDC, LDAO, and OG on the A. baumannii membrane proteome. To be consistent, all detergents were removed by acetone precipitation. As shown in Figure 3A, the extraction efficiencies of DDM, SDC, and LDAO were much higher than those of CHAPS and OG. Peptides identified in five groups were also analyzed. Amino acid distributions of the five groups were similar. For GRAVY values, as shown in Figure 3D, the peptides were mainly distributed in three sections: (−1.0, −0.5], (−0.5, 0], and (0, 0.5]. The range of the peptides identified indicated that both hydrophobicity and hydrophilicity could be identified by the five detergents. The counts of peptides obtained with LDAO were highest in all sections, which suggested that LDAO was the most efficient detergent. According to the GO enrichment results, 269, 330, 335, 339, and 326 membrane proteins were acquired separately for CHAPS, DDM, SDC, LDAO, and OG, indicating the different extraction abilities of the membrane proteins of the five detergents. Previous studies have reported that DDM is a detergent that has little influence on the enzyme activity and does not need to be removed from samples for proteomic analysis (Liu et al., 2015). Furthermore, SDC can precipitate in 1% formic acid (Lu et al., 2021), which can be easily separated from the peptide buffer. In view of the peptide loss that may be caused by detergent removal, SDC and DDM can also be considered as preferred detergents for the extraction of membrane proteins.

As the last-resort antibiotics for the treatment of MDR Gram-negative bacteria, polymyxin B has received notable attention. Previous studies have reported partial mechanisms of action of polymyxin B on Gram-negative bacteria, such as binding to LPS and oxidative bursts. Recently, outer membrane vesicles (OMVs) released from A. baumannii were reported as decoys against polymyxin B, whose production is linked to membrane-linkage proteins (Park et al., 2021). However, the mechanism of action of polymyxin B in A. baumannii, which can live without LPS, still needs to be explored. In our research, the membrane proteome changes of polymyxin B-induced A. baumannii ATCC 19606 were studied based on nano LC combined with high-resolution MS. Compared to the control group, 15 significantly differentially expressed proteins were acquired and clustered by bioinformatics methods. Among the 15 membrane proteins, the reduced expression of SurA (D0C7T2), which is important for the biogenesis of β-barrel outer membrane proteins (OMPs), would damage the homeostasis and functions of the cell envelope (Behrens-Kneip, 2010; Humes et al., 2019). The expression level of OmpA family protein (D0C8N6), a major component of OMPs, is suppressed, which interrupts bacterial antibiotic resistance, infection, and immunomodulation (Bunpa et al., 2020). What is more, OmpA was reported to be identified in the colistin-resistant Enterobacter asburiae (Ayoub Moubareck, 2020), indicating the potential important roles of OmpA in the mechanism of actions and resistance development. The reduced expression level of glutamate/aspartate transport system permease protein GltK(D0C805) will affect the glutamate/aspartate uptake and metabolism and bile resistance (Zhang et al., 2013). The reduced expression level of CsgG (D0CE32) lowers the curli biogenesis and affects the biofilm formation (Zhang et al., 2020). The suppressed expression level of the TonB-dependent siderophore receptor (D0CC21) affects iron ion homeostasis (Fujita et al., 2019). Moreover, the downregulation of putative ATP synthase F0 (D0C7A7), C4-dicarboxylate transporter (D0CF35), and carbonate dehydratase (D0CCK7) influences the membrane transport, energy consume and metabolism. The reduced expression levels of two proteins, which were located in periplasmic space (D0CBP8, periplasmic serine endoprotease DegP-like; D0CBL3, Tol-Pal system protein TolB) (Supplementary Table 8), indicated the destruction of the periplasmic space. Moreover, the reduced expression level of tolB affects the Tol-Pal system, secretion of EspA/B, and infection (Hirakawa et al., 2020). Interestingly, the expression levels of three proteins increased in the polymyxin B-treated group, including signal peptide peptidase SppA (D0CBY0), GTPase Era (D0CBQ4), and MacB (D0CAD3), part of the MacAB-TolC complex. A previous study suggested that R-LPS, which can be bound by polymyxin B, is a physiological substrate of MacAB-TolC (Lu and Zgurskaya, 2013). However, due to the imperfect KEGG pathway database (A. baumannii strain AYE), only D0CAD3 and D0C805 were involved in the ABC transporter pathway while D0CBP8 and D0C805 were involved in the two-component system pathway. The upstream and downstream genes of the pathway are currently not annotated in the A. baumannii ATCC 19606 genome, which hindered us from further verifying the pathway affected by polymyxin B.

In general, the membrane proteome based on nano LC-MS/MS is an effective tool for research related to membrane proteins. As mentioned above, we developed a relatively rapid membrane protein extraction and preparation method, but there were still many non-membrane proteins mixed in, partially because of the super-high identification ability of high-resolution MS. According to the label-free results, the abundance of membrane-related proteins is about 50% of the total abundance of each group. The purity can meet the needs of the proteome analysis at present, but better extraction methods should be explored. Moreover, our study found that polymyxin B could decrease the expression of many membrane proteins, including inner, outer, and trans-membrane proteins, which provided new evidence for the mechanism of actions of polymyxin B on the A. baumannii ATCC 19606 membrane. In turn, the discovery of targets will further promote the development of new antibiotics.

In summary, a relatively rapid membrane proteome sample preparation method of A. baumannii was built and applied for nano LC-MS/MS analysis. Through optimized quantitative membrane proteome analysis, 15 membrane proteins were found to be significantly changed under the pressure of polymyxin B, which gives us a better understanding of the role of polymyxin B and can help us further discover the mechanism of action of polymyxin B from the perspective of membrane proteins.
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start

91
102
169
218
355
419
428
456
469
487
588
610
622
720
735
757
818
845
909
923
1000
1016
1048
1101
1134
1134
1341
1418

end

101
143
199
231
364
435
442
468
486
504
609
615
636
734
743
769
830
853
922
935
1015
1034
1075
1120
1142
1146
1362
1431

Sequence

TGYLTLGGsQR
VtGAtCNGEssDGFtFKPGEDVICVAGNITIATFNTQSEAAR
SNAVSLVTsSNsCPANtEQVCLtFSSVIESK
LVNEEVENNAAIDK

YsttGQNNIR

EIDtAICAKTDGCNEAR
tDGCNEARWFsLttR
LWGVDTNYKSVsK
FHVFHDSINFYGSTGNAR
GQAVVNISNAAFPILMAR
DGQCtLNsDPDDMKNFMENVLR
YLsnDR

SssSMtVGTNLEtVYFK
GGsVLIMENVMSNLK

EEsAsSGFVR

sVWnNDPQGYPDR

LEVASWQEEVEGK

TPESLAAAK

AMLQAADLGINIQR

LYQHELYFRINGR
KsLIDNKMIYGEEssK
AGMMNPsYPLNYMEKPLTR
VDVEKYPGVWNINGEtVIONINLYSAPTK
StVPVIVTVALADDLIGREK

tYDLKANDK

TYDLKANDKVtFK
VADDITVAPEYLEESNGQAWAR
ARGDEVsNDKFGGK

Site#

99
103
177
229
356
422
428
467
476
494
592
612
622
722
739
757
822
848
918
932

1001
1022
1059
1102
1134
1144
1355
1424

Site#

106

180

357

438

481

595

623

1013

1063
1106

Site#

m
185

358

440

625

1014

1065
1116

Site#

12
191
363

441

632

Site#

116

Site#

124

Site#

130

The start and end position of each of the 28 peptide sequences within YghdJ are listed, as well as the specific residue number which is modified. Lower case s or t indicate modified residue.
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Spiking concentration Host biomass
(cells/mi) depletion method

0 MolYsis kit
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Cytolysis

10° MolYsis kit

Saponin

Cytolysis

10° MolYsis kit

Saponin

Cytolysis:

Taxa identified

H. sapiens
E. cabalus
S. aureus
H. sapiens
E. cabalus
S. aureus
H. sapiens
E. cabalus
S. aureus
H. sapiens
E. cabalus
S. aureus
H. sapiens
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S. aureus
H. sapiens
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S. aureus
H. sapiens

E. caballus

S. aureus
H. sapiens
E. cabalus
S. aureus

H. sapiens
E. cabalus
S. aureus

Identification
fraction
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on
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-223
-62.2

-2440

-2780

214
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122
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2500
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-5090

-1800
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Average number of
identified unique
peptides

43
17

663

786

4114
a4
6+14

756
10

704
23;5
6213

41578

443
426
651
265

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.

Average number of
identified peptides

154
104

1534

173+ 34
17223
117 £ 39

1722
134

1295
118+ 19
187 28

3394 + 681
1015
3417
1300
2271

Average Prior

0.693
0.282

0.993

0.99
0351 +0.02
0.366 + 0.07

0.25 £ 0.05

0.937
0.0544

0.989

0.0199 +
0.003
0.0521 +
0.003
0.926 + 0.005

0.248
0.751
0.399
0.599
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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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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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Spiked species

E. coli

S. aureus

S. aureus

C. albicans

Spiking concentration
(cells/ml)

1,000

1,000

10,000

1,000

Taxa identified

E. coli

Escherichia
Enterobacteriaceae
Enterobacterales
Gammaproteobacteria
Proteobacteria

S. aureus
Staphylococus
Staphylococcaceae
Bacillales

Bacilli

Firmicutes

S. aureus
Staphylococus
Staphylococcaceae
Bacillales

Bacilli

Firmicutes

C. albicans
Candida
Saccharomycetaceae
Saccharomycetales
Saccharomycetes
Ascomycota

Incubation time in blood culture cabinet

2h

0/2
0/2
072
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
0/2
01
01
071
071
071
071

3h

072
0/2
072
0/2
0/2
0/2
072
072
0/2
0/2
0/2
1/2
0/2
0/2
072
072
0/2
1/2
0/1
0
0/1
0/1
0/1
0/1

4h

072
0/2
02
0/2
0/2
1/2
072
02
072
0/2
0/2
0/2
02
0/2
02
072
02
02
o1
on
on
4]
o1
(4]

5h

1/2
1/2
1/2
1/2
1/2
1/2
0/2
0/2
0/2
0/2
0/2
0/2
2/2
2/2
2/2
2/2
2/2
2/2
0/1
01
o/1
0/1
o/1
o/1

6h

2/2
2/2
2/2
2/2
2/2
2/2
072
072
02
0/2
02
0/2
2/2
2/2
2/2
2/2
2/2
2/2
o/
on
o
o1
o1
o

7h

2/2
2/2
2/2
2/2
2/2
2/2
12
1/2
1/2
1/2
1/2
1/2
2/2
2/2
2/2
2/2
2/2
2/2
o1
on
o1
o1
o1
o1

ON

2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2

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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Antibiotics modify N (%)

Change class 115 (39.0)
LAto LIC 77 (26.1)
MA to LIC 25 (8.5)
LICto LA 4(1.4)
MA to LA 3(1.0)
LAto MA 3(1.0)
LIC to MA 3(1.0)

Decrease numbers 109 (36.9)
MA 75 (25.4)
LA 30(10.2)
Lc 1(0.9)
LIC+MA 2(0.7)
LA+MA 1(0.9)

Increase numbers 11 (3.8)
Lc 4(1.4)
MA 3(1.0)

Increase numbers and change class
LA to LIC+MA 4(1.4)
No change 60 (20.3)

LA, B-lactam; LIC, B-lactam/B-lactamase inhibitor combinations; MA, macrolides.
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Characteristics

N (%)

Sex
Male
Female
Age (y)
Age < 1 (neonatal group)
1 < age < 3 (toddler group)
3 < age < 6 (preschool group)
6 < age < 16 (school group)
Sampling time
Spring (from March to May)
Summer (from June to August)
Autumn (from September to November)
Winter (from December to February)
Outcome
Discharge
Death

199 (65.9)
103 (34.1)

142 (47.0)
72 (23.9)
26 (8.6)
62 (20.5)

80 (26.5)
14 (4.6)
17 (5.6)
191 (63.3)

299 (99.01)
3(0.99)
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Pathogens

Any pathogen
Any bacteria
L. pneumophila
B. pertussis
M. pneumoniae
C. pneumonia
S. pneumoniae
H. influenzae
S. aureus
M. catarrhalis
P. aeruginosa
A. baumannii
K. pneumoniae
E. coli
Any virus
Human coronavirus (HCoV)
HCoV-229E
HCoV-HKU1
HCoV-NL63
HCoV-0C43
Adenovirus (AdV)
Enteroviruses (EV)
Human bocavirus (HBoV)
Human metapneumovirus (HMPV)
HMPV-A
HMPV-B
Human rhinovirus (HRV)
Influenza (IFV)
IFV-A-H1
IFV-A-H3
IFV-B
Parainfluenza virus (PIV)
PIV-1
PIV-2
PIV-3
PIV-4
Respiratory syncytial virus (RSV)
RSV-A
RSV-B

N (%)

255 (84.4)
196 (64.9)
3(1.0
10(3.3)
45 (14.9)
1(0.3)
62 (20.5)
67 (22.2)
36 (11.9)
25(8.3)
6(2.0)
723
9(3.0)
10(3.3)
170 (56.3)
8(2.7)
5(1.7)
1(0.3)
0(0)
2(0.7)
30(9.9)
31(10.9)
13(4.3)
723
6(2.0)
1(0.3)
27 (8.9)
27 (8.9)
13 (4.9)
2(0.7)
12 (4.0)
12(4.0)
1(0.3)
000
11(3.6)
00
80 (26.5)
50 (16.6)
30(9.9)
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Combined-MS methods

Culture-based methods

pb

Positive Negative
n (%) © n (%)

Ten culturable pathogens # Positive 63 (30.9) 63 (30.9) P <0.001
Negative 5(2.4) 73 (35.8)

S. pneumoniae Positive 14 (6.9) 28 (18.7) P <0.001
Negative 0(0) 162 (79.4)

H. influenzae Positive 13(6.4) 34 (16.7) P <0.001
Negative 1(0.5) 156 (76.5)

S. aureus Positive 12 (5.9) 21 (10.3) P <0.001
Negative 2(1.0 169 (82.8)

M. catarrhalis Positive 5(2.5) 15 (7.4) P <0.001
Negative 0(0) 184 (90.2)

P. aeruginosa Positive 4 (2.0) 1(0.5 P >0.05
Negative 1(0.5) 198 (97)

A. baumannii Positive 3(1.5) 2(1) P >0.05
Negative 2(1) 197 (96.5)

K. pneumoniae Positive 4(2.0) 3(1.4) P >0.05
Negative 2(1.0) 195 (95.6)

E. coli Positive 3(1.5) 3(1.5) P >0.05
Negative 1(0.5) 197 (96.5)

L. pneumophila Positive 0(0) 2(1) P >0.05
Negative 0(0) 202 (99.0)

B. pertussis Positive 0(0) 2(1) P >0.05
Negative 0(0) 202 (99.0)

“Ten culturable pathogens included S. pneumoniae, H. influenzae, S. aureus, M. catarrhalis, P. aeruginosa, A. baumannii, K. pneumoniae, E. coli, L. pneumophila, and B. pertussis.

bp values were calculated using the McNemar test. The number and the percentage.
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Identification by DNA sequencing analysis

Number of isolates

Aspergillus
A. fumigatus
A. insuetus
A. japonicus
. lentulus
. luchuensis
. nidulans
niger
oryzae
. pseudoglaucus
ruber
sydowii
tamari
. terreus
. tubingensis
. uvarum
Penicillium
P. chermesinum
P. citrinum
P. oxalicum
Scedosporium
S. apiospermum
S. aurantiacum
S. boydii
Trichoderma
T. longibrachiatum
T. asahii
T. coremiiforme
T. japonicum
Others
Alternaria alternata
Arthrinium spp.
Beauveria bassiana
Doratomyces spp.
Exophiala dermatiticlis
Geotrichum candidum
Monascus purpureus
Mucor circinelloides
Paecilomyces variotii
Phanerochaete chrysosporium
Rhizomucor pusillus
Rhizopus microsporus
Rhizopus oryzae
Scopulariopsis spp.
Syncephalastrum racemosum
Talaromyces funiculosus
Talaromyces stollii
Total
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Identification by DNA Number ZSB method Routine method
sequencing analysis

Correct ID to Species Only Correct ID to Genus Mis ID Correct ID to Species  Only Correct ID to Genus Level Mis ID
Level Level Level
Subtotal >90 90-60 <60 Number score Number score Subtotal >90 90-60 <60 Number score Number score
Aspergillus
A flavus/oryzae 63 6 55 8 0 0 - 0 - 63 46 15 2 0 - 0 -
A. fumigatus 184 184 180 4 0 0 - 0 - 183 179 3 1 1 - 0 -
A lentulus 2 1 10 o0 1 <60 0 - 1 10 o0 1 - 0 -
A luchuensis 1 1 10 0 0 0 - 1 10 0 0 - 0 -
A. nicans 20 20 19 1 0 0 - 0 - 20 17 3 0 0 - 0 -
A. niger 58 58 5 0 0 0 - 0 - 58 5 5 0 0 - 0 -
A sydowii 1 1 o 1 0 0 - 0 - 1 o 1 o0 0 - 0 -
A terreus 32 %2 27 5 0 0 - 0 - 2 27 5 0 0 - 0 -
A. tubingensis 36 3 8 0 0 1 <60 0 - 35 3@ 3 0 1 <60 0 -
A ustus 1 1 10 0 0 - 0 - 1 10 0 0 - 0 -
Subtotal 398 396 317 19 0 2 - 0 - 395 357 35 3 3 - 0 -
Fusarium
F. monilforme 5 4 3 1 0 1 90-60 0 - 4 2 2 o0 1 90-60 0 -
F. prolferatum 6 6 o 6 0 0 - 0 - 4 o 2 2 1 90-60 1 <60
F. solani 9 7 4 3 0 0 - 2 <60 8 o 5 3 0 - 1 <60
F. verticilioices 6 0 o 0o o 6 3(>90) 3(90-60) 0 - 0 o o o 6 2(003(90-60)1(s60) O -
Subtotal 2 177 10 o 7 0 2 6 2 9 5 8 - 2 -
Penicillium
P. chrysogenum 1 1 o o 1 0 - 0 - 1 o o 1 0 - 0 -
P. citrinum 1 1 10 o0 0 - 0 - 1 10 o0 0 - 0 -
P. oxalicum 16 6 16 0 0 0 - 0 - ® 15 1 0 0 - 0 -
Subtotal 18 18 17 1 o - o - 18 16 1 1 o L J -
Scedosporium
S. apiospermum 2 2 110 0 - 0 - 2 110 0 - 0 -
S. aurantiacum 1 1 10 0 0 - 0 - 1 10 0 0 - 0 -
S. boydi 2 2 2 0 o0 0 - 0 - 2 2 0 0 0 - 0 -
Subtotal 5 5 4 1 o o - o - 5 4 1 o o - 0 -
Others
Atternaria alternata 3 3 3 0 o0 0 - 0 - 2 o 2 o0 0 - 1 <60
Beauveria bassiana 1 1 0 1 0 0 - 0 o 0 0 0 o 0 = 1 <60
Geotrichum candidum 3 3 3 0 o0 0 - 0 - 3 3 0 o0 0 - 0 -
Mucor circineloides 1 1 10 0 0 - 0 - 1 10 0 0 - 0 -
Rhizopus oryzae 2 ] 0 0 0 1 <60 1 <60 0 0 0 0 0 - 2 <60
Scopulariopsis brevicaulis 1 1 1 0 0 0 = 0 = 1 1 0 0 0 = 0
Sporothix schencki 1 1 [ 0 - 0 - 1 o 0o 1 0 - 0 -
Syncephalastrum racemosum 2 2 1 1 0 - 0 - 1 1 0 0 0 o 1 <60
Trichoderma longibrachiatum 4 4 4 0 0 0 = 0 = i} 1 0 0 3 90-60 =
Trichosporon asahii 2 2 110 0 - 0 - 2 2 0 0 0 - 0 -
Subtotal 20 18 14 2 2 1 - 1 - 2 9 2 1 3 - 5 -
Total 467 454 419 32 3 10 4 3 - 446 388 48 10 14 - 7 -
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Identification by DNA Reference Number Routine method ZSB method FUS method

sequencing analysis spectra
Correct Incomplete ID No Correct Incomplete No Correct Incomplete No

D ID D ID ID D D ID

Aspergillus total 66 64 0 2 64 0 2 63 [ 3
A. flavus* v 10 10 0 0 10 0 0 10 0 0
A. fumigatus N 10 9 0 1 10 0 0 10 0 0
A. lentulus v 3 3 0 0 3 0 0 3 0 0
A. luchuensis x 1 0 0 1 0 0 1 0 0 1
A. nidulans v 10 0 0 0 10 0 0 8 0 2
A. niger v 10 10 0 0 10 0 0 10 0 0
A. sydowii v 1 1 0 0 1 0 0 1 0 0
A. terreus N 10 10 0 0 10 0 0 10 0 0
A. tubingensis* N 10 10 0 0 9 0 1 10 0 0
A. ustus* N 1 1 0 0 1 0 0 1 0 0

Fusarium total 22 13 6 3 16 5 1 14 6 2
F. incarnatum % 1 0 1 (Fch complex) 0 0 0 1 0 0 1
F. proliferatum v 6 1 2 (Fve/pr), 1 2 2 4 (F. ve) 0 1 3 (Fve), 1 1

(Fve) (Fve/pn
F. solani v 9 9 0 0 9 0 0 9 0 0
F. verticillioides v 6 3 1(F. ve/pr), 1 1 5 (F. ve/pr) 0 4 2 (Fve/pr) 0
(F. pr)

Penicillium total 12 2 0 10 2 0 10 E | 0 1
P. chrysogenum v 1 1 0 0 1 0 0 0 0 1
P. citrinum v 1 1 0 0 1 0 0 1 0 0
P. oxalicum x 10 0 0 10 0 0 10 0 0 10

Scedosporium total 5 3 0 2 4 0 i 4 0 1
S. apiospermum V 2 1 0 1 2 0 0 2 0 0
S. aurantiacum x 1 0 0 1 0 0 1 0 0 1
S. boydii v 2 2# 0 0 2# 0 0 2# 0 0

Others total 18 12 0 6 12 0 6 13 [ 5
Alternaria alternata v 3 1 0 2 1 0 2 2 0 1
Beauveria bassiana v 1 1 0 0 0 0 1 0 0 1
Geotrichum candidum* V 3 2 0 1 3 0 0 3 0 0
Mucor circinelloides N 1 1 0 0 1 0 0 1 0 0
Rhizopus oryzae v 2 2 0 0 2 0 0 2 0 0
Scopulariopsis brevicaulis X 1 0 0 1 0 0 1 0 0 1
Sporothrix schencki v 1 1 0 0 1 0 0 1 0 0
Syncephalastrum x 2 0 0 2 0 0 2 0 0 2

racemosum
Trichoderma v 4 4 0 0 4 0 0 4 0 0

longibrachiatum

Total 123 94 6 23 98 5 20 95 6 22

*According to the specification of database v3.2, the proteomes of some species are so similar that it is difficult for ITEK MS to distinguish, such as A. flavus and A. oryzae, A. calidoustus
and A. ustus, Geotrichum candidum and Geotrichum klebahnii, as well as A. tubingensis which shows “A. niger complex”. Those results were all considered as “correct-ID".

# VITEK MS identified S. boydii (Pseudallescheria boydii's asexual stage) as Pseudallescheria boydii. These results were considered as correct.

ID, identification; Fch, F. chlamydosporum; Fve, F. verticillioides; Fpr, F. proliferatum; Fve/pr, F. verticillioides/proliferatum.
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MSP dendrogram Strain _ variety URAS-RFLP proposed species
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v Species Strain collection  Interal strain number Growp 'NCBUENA Accession Number

01 Kebsita pneumonias house 0214919 Enterobacteriscase ‘SAMN1B951201
2 Kebsela oxtoca house 708776-17 Enterobacteracese SAMNT2212273
63 Kebsila grivonti ihouse 13265617 Enterobactoracase SauNT2212117
01 Kebselamchiganonsis ihouse 201085-17 Enterobactoriacase SAMNT2212153
05 Kobsila aerogones Fhouse i7esT7 Entercbacteriacnse SauNT2212322
06 Kevsiela varicos ihouse 71789217 Entercbacteracase SANNT2212203
09 Escheriohia col house s07627-2-16 Enterobacteriscese SANTB9S1202
10 Escherchia cof vhouse 807628.3-16. Enterobacteracese ‘SANN1B951208
11 Eschencha cof pouse 80425613 Enterobacteracese SANN16951204
12 Eschercha col house 805237-12 Enterobacteracese ‘SANN16951205
13 Shigota fome house 300666-18 Enterobacteracese ‘SANN16951208
14 Shigeta fower ihouse 01552-18 Enterobactoriacase ‘SAMN16951207
15 Srigola somel commercal osMz:5s70 Entercbacteracese ‘SANN16951208
16 Sgata somer house 01974-17 Enterobacteriacase SAVEAI04430192
5 Enterobacter schuanensis house 403902-15 Enterobacteriscase SANN16951209
% Entorobacer homaschel commarca ATCC-49162 Enterobacteracase SANNTB951210
57 Eterobacter asburie commerca ATCC:35956. Enterobacteraceae SANNTBO5T211
58 Enterobacter Lt commerca osMz-15213 Enterobacteriscase SAMNTBOS 1212
07 istesa monocytogenes. house 10787313 Lstera SAMNTB951213
08 Lstesa monocytogenss. ihouse 0191017 Lstera ‘SavNt6os121a
17 Bukhotdena cepacia ihouse 20805016 Bunodess SAMNTB951215
18 Bukholders contaminars house 013 Buhodera SAVEASH1 14418
19 Bukholdens mulvorans house 010 Buthodesa SAEASH118168
20 Bukhotderacenooepacia house 03 Buthodera SAMEAS4110668
21 Bordetela bronchsepiica vhouse 0247416 Borcerl SANTB951216
2 Bordetola pertussss commercal ATCC9797 Borcetsla SANTBO51217
23 Bordetela parapertussis commerca ATCO 53893 Borcersla SAMNT6951218
24 Steptococcus preumonise house 14426517 Stoptocoocus SAN1B951219
25 Septococus nfants ihouse 13122617 Staptocoocus ‘SAMN16951220
%6 Sveptococeus gordoni commarca ATCO.33%09. ‘Steptocoocus ‘SANT6951221
27 Steptococcus gatoyicus ihouse PRA00CO04T ‘Steptococcus ‘SANT6oS1222
28 Steptococcus hetiensis commerca DSMZ-15350TS ‘Stptococcus SAMN16951223
2 610886-17 ‘Stptococcus SANN16951224
3 ATCC 9812 Strptococcus ‘SANN1B951225
1 STO0000159 ‘Stptococcus SAMN16951226
3 60212513 ‘Steptococcus ‘SANTB951227
9 351358-18 ‘Staohytococous ‘SANN16951228
40 Staphyococous schweizen commarcal DSM-28300TS Staonyococous ‘SAMN16951220
41 Staphylococous argenteus commercal DSMZ 28209TS ‘Staohytococcus ‘SANN16951200
@2 Coynebacterum amycoltum commerca AT00-700206 Actinobactora ‘SANNT6951231
43 Conynebacterum ursatcum commercal osMz-7108 Actiobactera SAMNT6051202
1 Garhersla vaginais commercal ATCC-14018. Actiobactera SANNTB951203
%5 Wikaneui house STO0000012 Actiobactera SANN16951204
6 Actiomyces isael commercal ATCC-10048 Actiobacteria SANNTB951235
a7 Pastowrola mutocida commerca ATCC-11089 Gram negato Anaercbes  SAVINTG951236
53 Bacteroes fagiks ihouse 80%216-11 ‘Gram nogative Amaercbes  SAVINIG9S1237
3 Bcteroes fagks house 800609-16 Gram nogative Amaercbes  SAVINTE951238

Stain waro fer rtreve fom P00 or commercl s cofecions. SYains whicha s 9 5ame oup! a1 axpocte 1 respone smiay 0¥y SaTElo protocoS,
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Enterobacteriaceae  25% FA overay Oay 1
Listeria 25% FA overtay Dikte 1:5 Oay 1234
Burkholderia Diute 125 Oay2
Bordotlla 25% FA overtay/Dikte 1:5 Oay 12
Stroptococcus ‘Simpie proten extraction Oay 12784/
5
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