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Abstract: The emerging pathogen Candida auris has been associated with nosocomial outbreaks on
six continents. Genetic analysis indicates simultaneous and independent emergence of separate
clades of the species in different geographical locations. Both invasive infection and colonization
have been observed, warranting attention due to variable antifungal resistance profiles and hospital
transmission. MALDI-TOF based identification methods have become routine in hospitals and
research institutes. However, identification of the newly emerging lineages of C. auris yet remains
a diagnostic challenge. In this study an innovative liquid chromatography (LC)—high resolution
OrbitrapTM mass spectrometry method was used for identification of C. auris from axenic microbial
cultures. A set of 102 strains from all five clades and different body locations were investigated.
The results revealed correct identification of all C. auris strains within the sample cohort, with
an identification accuracy of 99.6% from plate culture, in a time-efficient manner. Furthermore,
application of the applied mass spectrometry technology provided the species identification down
to clade level, thus potentially providing the possibility for epidemiological surveillance to track
pathogen spread. Identification beyond species level is required specially to differentiate between
nosocomial transmission and repeated introduction to a hospital.

Keywords: Candida auris; accurate identification; proteomics clustering; Orbitrap mass spectrometry;
medical microbiology diagnostics

1. Introduction

Candida auris was reported for the first time more than a decade ago as a new species
causing bloodstream infections in East Asia [1]. This finding was rapidly followed by
outbreak reports from India [2], the Middle East, South Africa and South America and
soon this pathogen was found to spread globally [3–6], becoming one of the most common
nosocomial fungal pathogens especially in long stay ICU patients [7]. Indeed, C. auris has
been classified among the 10 most feared fungi [8] and is listed on the CDC urgent threat
pathogen list [9]. Although in the early years only sporadic cases of invasive infections
due to C. auris were reported, outbreaks have occurred on all continents during the last
5 years [10–15]. An important factor allowing these outbreaks to occur was inappropriate
recognition and misidentification of yeast pathogens in hospital laboratories [16,17]. Ac-
curate and rapid laboratory identification is a basic requirement for much needed source
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control to mitigate the spread of this multidrug-resistant pathogen in health facilities [18,19].
Whole-genome sequence analyses of a collection of worldwide C. auris isolates has shown
that at least four and possibly five clades have emerged independently and simultane-
ously during the last 20 years [20,21]. Candida auris appeared to be highly clonal, with
five distinct, geographically restricted clades in South Asia (clade I), East Asia (clade
II), Africa (clade III), South America (clade IV) and Iran (clade V), that differ from each
other by ten-thousands of single-nucleotide polymorphisms [21,22]. At present, C. auris
isolates belonging to these clades have spread worldwide and have been introduced in-
dependently in several countries [23–27]. It is of prime importance for clinical practice to
respond quickly with distinction of the clades in view of tracking the source of introduc-
tion. This is particularly significant given the differential resistance characteristics of the
clades. For example, isolates from the South Asian (clade I) are more than 90% resistant
to fluconazole [28] while those from clade II are susceptible. Candida auris has several
structurally unique mannoproteins [29,30] and sphingolipids [31], characteristics which
make them more suited than other Candida species to persist on medical devices and in
the hospital environment, to form biofilms, to withstand elimination by commonly used
disinfectants, and to evade immune responses. Once introduced into a hospital, geograph-
ical location or country, C. auris can spread rapidly in health care settings. Identification
of C. auris with MALDI-TOF technology is a well-established and accurate technique at
the species level, but in contrast to molecular methods it is unable to differentiate among
the five clades [32–36]. In the present paper we used a novel liquid chromatography (LC)
OrbitrapTM high resolution mass spectrometry approach for a collection of geographically
diverse clinical C. auris isolates representing all known geographic clades, and all major
genotypes (lineages) within the clades. We describe a novel proof-of-concept methodology
for highly accurate C. auris identification in the microbiology laboratory, that enables recog-
nition of individual protein mass values (m/z values) from each analyzed strain, returning
superior identification results with equivalency to those rendered by genomic typing in-
cluding single nucleotide polymorphism calling methods (e.g., ‘STR’ short-tandem-repeat
typing or ‘NGS’ next generation sequencing).

2. Materials and Methods
2.1. Strain Selection and Sample Material

A total of 102 clinical C. auris strains was selected for the analysis to cover all five emerg-
ing clades. Candida auris clade determination was performed by short tandem repeat (STR)
typing assay and was compared to whole-genome sequencing results [21,37]. The selected
study strains are detailed in Table 1.

Table 1. Selected C. auris strains with country of origin.

Country of Origin Number of Strains Genomic Clade

Austria 1 (Clade I) * SAS
Belgium 1 (Clade I) SAS
India 26 (Clade I) SAS
Kuwait 10 (Clade I) SAS
Oman 5 (Clade I) SAS
The Netherlands 1 (Clade I) SAS
Japan 1 (Clade II) * EAS
Korea 1 (Clade II) EAS
Spain 20 (Clade III) SAS
South Africa 5 (Clade III) * SAF
Colombia 19 (Clade IV) * SAM
Venezuela 11 (Clade IV) SAM
Iran 1 (Clade V) * IRN

Total 102
* SAS: South Asia, EAS: East Asia, SAF: South Africa, SAM: South America, IRN: Iran.
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2.2. Growth Conditions, Chemical Reagents and Protein Purification

All C. auris strains (102 strains) were grown at 30 ◦C for 48 h, on Sabouraud glucose
agar plates (SGA; Oxoid, Thermo Fisher Scientific, Waltham, MA, USA) under aerobic
conditions. Optima LC-MS grade Water (H2O), Optima LC-MS grade acetonitrile (ACN),
Optima LC-MS grade formic acid (FA) were purchased from Fisher Scientific (Landsmeer,
The Netherlands). A standard microbial culturing loop was used for sampling, and fungal
biomass equivalent to a ‘full loop’ (partially, multiple colonies from the same plate) was
collected from culture plates and transferred to a micro vial. Subsequently the cells were
dispensed in a pre-incubation solution (Thermo Fisher Scientific, proprietary, Waltham, MA,
USA) and following a short centrifugation step the supernatant was discarded and the pellet
was suspended to 100 µL of incubation solution (Thermo Fisher Scientific, proprietary).
The microbes were incubated for 20 min (vortexed once at 10 min for 2 s), followed by
sonication for one minute. Cells were diluted with 100 µL dilution buffer (Thermo Fisher
Scientific, proprietary) and centrifuged for 5 min at 12,000× g at room temperature. The
supernatant was collected in low protein binding (LBE) Eppendorf tube and stored at
−20 ◦C if not immediately used for LC-MS analysis.

2.3. RP4H SPE Protocol

The whole cell extract (WCE) was diluted with SPE buffer-1 (Thermo Fisher Scientific,
proprietary) before SPE (solid-phase extraction) cleanup. RP4H SPE tips (Thermo Fisher
Scientific, proprietary) were placed in a 96-well plate and conditioned and equilibrated
with 50 µL proprietary SPE buffer-2 (Thermo Fisher Scientific, proprietary), respectively.
Centrifuge (Laboratory centrifuge 4-15C, Thermo Fisher Scientific, Osterode, Germany)
capable of handling two 96-well plates was used for centrifugation at 2000× g for 2 min at
room temperature. Diluted WCE (50 µL) was loaded into the SPE tips and centrifuged. The
tips were washed with 50 µL of proprietary SPE washing buffer and placed in Stand-Alone
Liquid Chromatography (SALC) autosampler plate for further online elution and mass
spectrometric (MS) analysis.

2.4. LC-MS Analysis and Raw Data Processing

All experiments were performed by micro flow LC-MS system. The LC system used
was stand-alone liquid chromatography (SALC) (Thermo Fisher Scientific). SALC was con-
nected to a Q Exactive™ HF Hybrid Quadrupole-OrbitrapTM mass spectrometer (Thermo
Fisher Scientific). The SALC 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 raw data were deconvoluted online to monoiso-
topic masses i.e., list of proteoforms with a proprietary algorithm. Subsequently, the data
were processed with in-house algorithms for building of the database and discrimination of
mycobacteria species. Chromatographic separation of proteins was achieved online using
SALC through SPE tips and eluted proteins were subjected to MS analysis. Mass analysis
of proteins was performed in the m/z range from 450 to 2000 m/z for full scan mode.
Average mass accuracy was <2 ppm. Pre-processing of the mass spectra was performed by
Thermo Fisher Scientific proprietary software to deconvolute raw 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.

2.5. Pre-Collected Taxon Database

The pre-collected taxon database contains reference spectra for a wide number of
clinical bacterial and yeast species including C. auris, 22 strains and one type strain for
each taxon of the C. haemulonis species complex (C. haemulonis s. str, C. duobushaemulonis
and C. pseudohaemulonis). The MS1 database comprises 6 technical replicates analyzed per
strain (covering both biological and technical reproducibility).
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2.6. Classification and Species Identification

Data analysis workflow employed a classification algorithm (Thermo Fisher Scientific
proprietary) matching MS1 spectrum of an unknown sample against diagnostic spectral
features (differential proteoforms) in the pre-collected taxon database. The classification
algorithms sorted the species by distance of the matched features of the measured spectra
and subsequently delivered species level identifications as end-result. Feature selection
based on mass frequencies was applied to select top consensus markers that have the most
predictive value for the differentiation of the target entities. Mass frequencies were depicted
in a heat map to visualize the data and subsequently scored to define classification success.
The frequency filtered monoisotopic masses of the study cohort, were further processed in
a principal component analysis (PCA), followed by an affinity clustering approach. The
resulting outcome was visualized in the observed n-dimensional PCA space relative to the
distance of the obtained protein masses. Post-analytical data processing was conducted in
R statistical software, as well partially in Python 3.10 employing various open source and
proprietary libraries, which mostly concerned data visualization.

3. Results
3.1. Species Identification and Throughput

All strains of the study panel were subjected to the identification pipeline using all
yeast and bacterial reference spectra contained in the pre-collected taxon database. Detailed
identification results for each strain within the panel (including identification scores per
strain) are presented in Supplementary Table S1 as well a typical example LCMS total
ion chromatogram and mass spectrum for different concentrations and elution patters of
solvent B (ACN) in Supplementary Figure S1. All C. auris strains were correctly identified,
none being assigned to related species of the C. haemulonis complex, i.e., C. duobushaemulonis,
C. haemulonis, or C. pseudohaemulonis. Each isolate from the panel was tested with four
replicates in multiple Mass Spectrometry Systems. On average 114 proteoforms were
identified over all LC-MS runs (min. 38, max. 155). No discrepancies were noted among
the repeated tests, thus demonstrating the precision and reproducibility of the technology.
The distribution of the identification scores for individual strains from plate culture within
geographic clades is shown in Figure 1. The wide range of score distribution, as depicted
in Figure 1, does not impair the final identification, but rather reflects the relative distances
of strain-specific proteins that are measured and are compared to the reference database
entries. The database contains only those proteins that are specific to the reference strains
and accordingly match those shared with the unknown C. auris isolate. Therefore, the score
result reflects a strain-specific gene expression event at the time of colony sampling (not to
be confounded with a transient expression event), and their subsequent proteome profile fit
to the database entries. Identification accuracy (%) of strains in each clade and the number
of strains identified from plate is provided in Table 2.

3.2. Clade and Lineage Identification

Candida auris strains representing all major geographic clades of South American,
South Asian, African, East Asian and Iranian origin, with most major genotypes (lin-
eages) representing those clades, as identified in a previous study [37], were analyzed.
Lineage identification is clearly demonstrated as the potential capability and capacity of
the Orbitrap technology.

Mass spectrometric data are here depicted as a heat map, where rows represent
individual monoisotopic masses and columns individual strains (technical LC-MS replicates
for each strain were merged as a single leave in the horizontal dendrogram) of the study
cohort (Figure 2). The protein masses included in the heat map are sorted by their detection
frequencies to indicate most differentiating proteoforms. The horizontal colored bar at
the top represents the geographic C. auris clades (SAS = South East Asia, EAS = East Asia,
SAF = South Africa, SAM = South America, IRN = Iranian). The shared differential masses
correspond to particular strains. The high performance of the Orbitrap Mass Spectrometer
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in C. auris identification down to the clade; and the individual strain level is outlined by
highly specific mass (proteoforms) signatures and matches with geographic clades. The
frequency legend ranges from 0 (red) to 2 (blue), indicating if a mass was observed in a
sample at a high to low frequency ratio, respectively. The specific proteoforms unique
to a clade can be assessed algorithmically but not visually in a precise manner, however
the prominent and mostly unique blocks at the bottom of Figure 2 corresponding e.g., to
the SAF and SAM clade depict proteoforms consistently recorded for these geographies
and samples and which can be termed differential. The high dissimilarities between the
clades, as observed by the PCA and followed by subsequent affinity clustering indicate
the clade-specific predictive value of the obtained mass spectrometry data, relative to
its genomic reference [33,37]. Affinity clustering using combined C. auris strain spectra
scaled into an n-dimensional PCA space (Figure 3) depicting high dissimilarity between
geographic clades 1, 3 and 4, and confirm the high-resolution of Orbitrap Mass Spectral
data in differentiating the geographic clades of C. auris. While the South Asian clade I, the
East Asian clade II and the Iranian clade V agglomerate at a lower level of dissimilarity,
which is visualized in their almost identical horizontal position in the plot, the African
clade III and the South American clade IV display a wider distance to clades I, II and V,
respectively. The results indicate a clear separation of the major geographic entities Asia,
Africa and South America.
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Figure 1. (a). Bar charts indicating total count of LC-MS measurements per clade. (b). Identification
score distribution between five geographic C. auris clades. The image depicts a standard boxplot
indicating the score distribution for each LC-MS measurement obtained for all strains from each
geographic clade respectively. The central bar indicates the median value (Median quantile 1), the
box (IQR = Inter quantile range) indicates the range for the majority of scores (vertical expansion),
hence the lower and upper section in the box corresponds to the 25% central IQR range respectively
(Quantile 2/3). The whiskers (central lines) indicate the range for the outliers (Upper and lower
25% IQR; Quantile 4/5).
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Table 2. Identification accuracy of C. auris strains.

Clade ID Accuracy
(%) # of Strains Standard

Error of Mean
Standard
Deviation Mean Score # of

Replicates
# of Strains
Identified

Sensitivity
(%)

Clade I (SAS) 99.6 44 ±0.02 0.35 4.57 176 44 99.6

Clade II (EAS) 100 2 ±0.08 0.25 4.53 8 2 100

Clade III (SAF) 100 25 ±0.02 0.26 4.79 100 25 100

Clade IV (SAM) 100 30 ±0.02 0.25 4.67 120 30 100

Clade V (IRN) 100 1 ±0.08 0.16 4.79 4 1 100
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Figure 2. C. auris clade differentiation using monoisotopic mass measurements depicted as heat
map. Color scale ranges from blue (max signal) to dark red (no signal), representing abundance of
measured monoisotopic masses in each strain. Clade specific differential protein masses are visible
from the rectangular vertical boxes indicating the geographic affiliation and clade assignment and
its vertically associated dendrogram indicating observed protein masses (columns vs. rows). X-axis
indicating clade assignment and y-axis indicating observed MS1 protein masses.
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Figure 3. Affinity clustering using combined C. auris strain spectra scaled into the n-dimensional
PCA space. Numbers corresponding to the identified clusters correspond to the geographic clades,
1 = SAS, 2 = EAS, 3 = SAF, 4 = SAM and 5 = IRN. Axes are dimensionless and relative to within
and between cluster distances. Yellow cluster = clade 1, red cluster = clade 1, green cluster = clade 1
with two outlier strains (clade 4,5), purple cluster = clade 4 with one outlier strain (clade 3) and blue
cluster = mixed clade assignment (2, 3 and 4). Note, outliers are solely based on affinity clustering,
and do not represent the actual classification success (Table 2). Accordingly, this represents higher
proportions of shared masses between outliers with the incorrect clade, but do not reversely correlate
with specific biomarkers that allow subsequent correct clade prediction with the vendor proprietary
classifier. * clusters with outlier isolates.

4. Discussion

Correct pathogen identification is of indisputable clinical significance, assisting the
clinicians to select appropriate antifungal drugs for the patients and to install timely
infection control measures. Mass spectrometry (MALDI-TOF) has entered many clinical
microbiology laboratories during the past decade, gradually replacing biochemical methods
as the preferred tool for pathogen identification. The technique provides a relatively easy-
to-use and fast platform but is yet limited in identification accuracy in many taxonomically
challenging cases [35,36].

We applied the advanced OrbitrapTM high-resolution mass spectrometric technology
for identification of C. auris, using protein analysis at a level extending beyond traditional
MALDI-TOF methods. Coupled to liquid chromatography (LC) for initial separation,
electrospray ionization (ESI) allows proteins in solution to be transferred into the gas
phase for subsequent ionization and introduction into the mass spectrometer (LC-MS).
Mass analysis can then be performed for either the intact mass (MS) or fragment ions via
tandem mass spectrometry (MS/MS). OrbitrapTM mass analyzer features high resolution
(up to 200,000), high mass accuracy (2–5 ppm), a high mass-to-charge ratio of 6000, and a
dynamic range greater than 104. The other major advantage of the technology is its high
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selectivity since it measures the exact mass of a compound allowing even minor changes in
structure such as a translated single nucleotide polymorphism into an amino acid change,
to be distinguished. Our study shows that the technology enables correct identification
of all C. auris isolates with a high level of confidence (99.6%). The OrbitrapTM’s ability to
identify C. auris from all clades and to discriminate between C. auris and the members the
haemulonis species complex (C. haemulonis s.str., C. duobushaemulonis and C. pseudohaemulonis)
was superior to the currently available phenotypical technologies including the latest
Vitek 2 (version 8.01) yeast identification system. The latter was able to correctly identify
most of the South Asian C. auris strains but misidentified East Asian strains and gave a
low discrimination result for the South American clade [38,39]. Although the number
of isolates in each clade was limited, the OrbitrapTM high-resolution mass spectrometric
technology performance appears to be equivalent to the C. auris clades obtained from
genomic methods, with 99.6% identification accuracy (Table 2) for isolates from all clades
(Figures 2 and 3). While our results show a clear separation of the major geographic entities
Asia, Africa and South America, our PCA analysis and subsequent affinity clustering
indicate that particularly the South Asian (I), East Asian (II) and Iranian (V) clades are
proteomically closely related, a result contrasted by genomic data [3] where the African
clade (III) with strains from South Africa affiliate to strains from a Spanish outbreak closer
to the East Asian clade (II). Similar to the genomic typing schemes [37,40], long branches in
the affinity clustering indicate strains that appear as outliers or typical strains relative to
those strains centralizing with similar or even distances around a cluster, hence forming a
representative central entity. These specific isolates require further attention, regardless
of the identification technology if they represent true biological deviants or technical
artifacts. However, an example can be given for the isolate from Iran (clade V), which in
the genomic typing scheme defines its own clade [21]. This strain affiliates with a very
long branch to the ‘green’ sub cluster of the South Asian clade (Figure 3) confirming its
uniqueness among the study cohort and particularly among the strains of Asian origin.
However, further investigations are required on some isolates with similar distances, e.g., to
the ‘yellow’ cluster, in order to understand the exact potential discrepancies and reasons
between the genomic vs. proteomic typing results for a very few outliers. This might
also be applicable to some of the strains in the well-defined ‘blue’ cluster (African clade
III), which associate to some strains originating from the South and East Asian clade (I
and II). This is probably explained by the large Indian population and travel between
India/Pakistan and South Africa. Accordingly, our proteomic typing results may reflect a
high capability of tracking strains of the same origin but isolated in different geographic
locations. Precise matching and alignment of typing schemes is required in the future to
build on these results. Obtaining congruency to the genomic reference, particularly to
either fast typing [37] or next generation sequencing methods employing single nucleotide
polymorphism or k-mer [41,42] based classification approaches, not only allows for fast
incorporation of novel isolates into a mass spectra database, but also significantly reduces
false identifications and classification artifacts of unknown strains associated to such newly
described clades or lineages.

While workflow efficiency to identify groups of organisms are not always comparable
between unrelated technology platforms, it is important to understand which level of
taxonomic or classification resolution can be obtained by which method and how time-to-
results are impacted to obtain an equivalent clinical test result. A prime example is the
comparison between mass spectrometry and sequencing technologies, where next genera-
tion sequencing technologies are now widespread in advanced clinical laboratories and are
precisely employed to answer questions so far exclusively reserved to genome sequencing
approaches. Even though mass spectrometry and (next generation) sequencing-based
workflows are not directly comparable, their final end-results, i.e., the identification of
unknown clinical microbes, are well comparable. While MALDI-TOF and high-resolution
mass spectrometry workflows can be directly comparable in achieving fast species-level
identification, clade (and lineage) identification cannot be achieved by MALDI-TOF. Ac-
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cordingly, time-to-results must be contrasted to the genomic reference workflow to obtain
the equivalent level of taxonomic resolution.

Even though significant advancement in next generation sequencing workflows, li-
brary chemistry composition, adaptor design and adaptor combinatorics, sample scalability
(e.g., 96-well format) and automation has been achieved over recent years, the standard
next generation sequencing workflow remains highly time-consuming as it includes many
delicate quality-control steps, particularly for multiplexed sample runs [43]. Even under the
most liberal and fastest automated turnaround time workflows, DNA purification, library
construction, fragmentation and normalization, multiplexing, cluster generation, total
sequencing run-time, subsequent raw data processing (e.g. base-calling and filtering) and
subsequently quality controlled raw data pipelining in order to obtain final identification (in
the present case C. auris geographic clades) cannot be achieved within less than ~24 h [43].
Even the fastest currently known NGS workflows employing e.g., nanopore sequencing,
such as ‘read-until’ or ‘real-time’ approaches are not yet scalable and lack efficiency and
simplicity in application [44–46]. Our methodology in contrast is able to return a result
within approximately 60 min. Accordingly, the potential future of the OrbitrapTM high
resolution mass spectrometric technology is to provide short time-to-results in obtaining
clade or lineage identification, furthermore also by MS/MS fragmentation experiments
to actually identify the respective protein via reverse search engines, and to compare an
unknown sample to its genomic reference obtained by next generation sequencing.

5. Conclusions

The application of the high resolution OrbitrapTM mass spectrometer, for accurate
identification of newly emerging species such as C. auris with the potential to more in-
depth identification down to lineages within the species offers an attractive alternative to
currently existing technology platforms.
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