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ABSTRACT Klebsiella pneumoniae and related species are frequent causes of noso-
comial infections and outbreaks. Therefore, quick and reliable strain typing is crucial
for the detection of transmission routes in the hospital. The aim of this study was to
evaluate Fourier transform infrared spectroscopy (FTIR) and matrix-assisted laser de-
sorption ionization-time of flight mass spectrometry (MALDI-TOF MS) as rapid meth-
ods for typing clinical Klebsiella isolates in comparison to whole-genome sequencing
(WGS), which was considered the gold standard for typing and identification. Here,
68 clinical Klebsiella strains were analyzed by WGS, FTIR, and MALDI-TOF MS. FTIR
showed high discriminatory power in comparison to the WGS reference, whereas
MALDI-TOF MS exhibited a low ability to type the isolates. MALDI-TOF mass spectra
were further analyzed for peaks that showed high specificity for different Klebsiella
species. Phylogenetic analysis revealed that the Klebsiella isolates comprised three
different species: K. pneumoniae, K. variicola, and K. quasipneumoniae. Genome analy-
sis showed that MALDI-TOF MS can be used to distinguish K. pneumoniae from K.
variicola due to shifts of certain mass peaks. The peaks were tentatively identified as
three ribosomal proteins (S15p, L28p, L31p) and one stress response protein (YjbJ),
which exhibit amino acid differences between the two species. Overall, FTIR has
high discriminatory power to recognize the clonal relationship of isolates, thus rep-
resenting a valuable tool for rapid outbreak analysis and for the detection of trans-
mission events due to fast turnaround times and low costs per sample. Furthermore,
specific amino acid substitutions allow the discrimination of K. pneumoniae and K.
variicola by MALDI-TOF MS.

KEYWORDS Klebsiella pneumoniae, Klebsiella variicola, bacterial typing, Fourier
transform infrared spectroscopy, MALDI-TOF mass spectrometry

apid and reliable typing of bacterial isolates is a crucial tool for the detection of

possible transmission routes of pathogens in the hospital, for the identification of
bacterial reservoirs, and for the institution and evaluation of infection control efforts (1,
2). Whereas the discriminatory power of commonly available strain characteristics, such
as antimicrobial susceptibility testing (AST) results or biochemical profiles, is usually
insufficient to infer clonal relationships between bacterial isolates, DNA-based tech-
niques, such as multilocus sequence typing (MLST), pulsed-field gel electrophoresis
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(PFGE), or repetitive element sequence-based PCR (rep-PCR), have been successfully
used for this purpose (3, 4). Advances in DNA sequencing technology have positioned
whole-genome sequencing (WGS) as a potential gold standard of future strain typing
(5). However, these “high-resolution” techniques are mostly used retrospectively rather
than for real-time surveillance, mainly because they are laborious to perform and cost
intensive (6).

Fourier transform infrared (FTIR) spectroscopy is a spectrum-based technique that
quantifies the absorption of infrared light by molecules present in the sample, such as
lipids, nucleic acids, carbohydrates, lipopolysaccharides, and proteins. This results in the
generation of a specific FTIR spectrum, which reflects the overall chemical composition
of the specimen (7). This technique can be used for bacterial species identification by
comparing the spectrum to a reference database. FTIR has also been used for the
typing of bacterial isolates such as Staphylococcus aureus (8, 9), Escherichia coli (10),
Yersinia enterocolitica (11), Listeria monocytogenes (12), and others in samples from
human, animal, and environmental sources.

Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-
TOF MS) has become a standard tool for the identification of pathogens in the clinical
microbiology laboratory due to easy sample preparation, reliability, and short time to
results (13, 14). MALDI-TOF mass spectra resemble specific “fingerprints” of the bacterial
species, which are shaped by the masses of abundant proteins present in the bacteria,
such as ribosomal proteins. Identification of a strain is then achieved by comparing the
spectrum of an unknown isolate to a reference database. However, MALDI-TOF MS can
also be successfully employed for strain typing on the basis of distinct protein profiles
within a species. This was shown, e.g., for E. coli (15) in a specific setting. Diverging
results were reported for the typing of S. aureus with MALDI-TOF MS. Some groups
were able to delineate clonal complexes (16) including methicillin-resistant S. aureus
strains (17), whereas others reported insufficient discriminatory power of this technique
for S. aureus as well as for Enterococcus faecium (18). In Campylobacter jejuni, subgroups
could be separated by specific MALDI-TOF spectrum peaks, which represented differ-
ences in the amino acid sequence (and therefore mass changes) in certain ribosomal
proteins (19). Moreover, this technique can also be used for AST (20), e.g., for rapid
detection of resistance to carbapenems and other beta-lactam antibiotics (21, 22).

In this study, we sought to evaluate the discriminatory power of the spectrum-based
analysis techniques FTIR spectroscopy and MALDI-TOF MS for strain typing in compar-
ison to whole-genome sequencing (WGS) for potential integration into the routine
diagnostic workflow. Klebsiella pneumoniae and related species were chosen as test
organisms, because they are clinically highly relevant pathogens that can cause severe
infections, such as catheter-associated urinary tract infections, bloodstream infections,
and sepsis, which often occur in the hospital setting in predisposed patients (e.g.,
immunocompromised patients and preterm neonates) (23). Moreover, K. pneumoniae is
a frequent cause of nosocomial outbreaks, which warrant immediate infection control
measures, especially if antibiotic-resistant strains are involved (24).

MATERIALS AND METHODS

Klebsiella isolates. A total of 68 isolates, which were collected and analyzed during a 1-year period
(December 2013 to November 2014) in the clinical microbiology laboratory of the University Hospital
Tlbingen, Tldbingen, Germany, were used in this study. The strains were recovered from routine
microbiological throat and anal swab screening samples that were taken from 57 patients on a neonatal
intensive care unit according to German infection control guidelines. The bacterial isolates were stored
at —80°C until they were used for WGS, FTIR, and MALDI-TOF analysis.

Genome sequencing and assembly. Genomic DNA was extracted using the UltraClean Microbial
DNA isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA). DNA libraries were prepared with the
TruSeqNano DNA LT kit or the Nextera XT kit, version 2 (lllumina, San Diego, CA, USA). All libraries were
sequenced on an lllumina MiSeq or lllumina Nextseq sequencer (both from lllumina, San Diego, CA, USA).
Sequencing reads were assembled using the A5 pipeline (version 20140604) and SPAdes (version 3.7.0)
(25, 26).

Genome analysis. Genomic features were annotated using the RAST tool kit (RASTtk) as provided by
the online PATRIC genome annotation service, version 3.5.11 (https://www.patricbrc.org/app/
Annotation). The core genomes of all isolates were generated by Spine (version 0.1.2) (27). Single
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nucleotide polymorphisms (SNPs) were called by mapping the high-quality sequencing reads generated
by Trimmomatic (28) to the core genome using the BioNumerics software suite, version 7.6 (Applied
Maths, Sint-Martens-Latem, Belgium), with strict settings for SNP analysis. Average nucleotide identity
(ANI) was calculated using using JSpecies based on the ANIm algorithm (29). One representative genome
of each WGS cluster was used as the input together with two reference genomes for K. pneumoniae
(strains 30684/NJST258_2 and HS11286), Klebsiella variicola (strains At-22 and GJ1), and Klebsiella
quasipneumoniae (strains ATCC 700603 and HKUOPAA4). Multilocus sequence types (MLST) were extracted
from the assembled sequences using the online MLST service for K. pneumoniae (version 1.8) provided
by the Center for Genomic Epidemiology (https://cge.cbs.dtu.dk/services/MLST/) (30).

FTIR spectrum acquisition and analysis. Strains were grown at 37°C without the addition of CO,
on Columbia sheep blood agar plates (Oxoid, Wesel, Germany) for 18 (+0.5) h before the suspension of
a loopful of bacteria in 50 ul of 70% (vol/vol) ethanol in 1.5-ml vials containing sterile metal rods for
better homogenization (Bruker Daltonik). After thorough vortexing, 50 ul of sterile H,0 was added. Then
15 pl of the resulting bacterial suspension was placed on a silicon sample plate (Bruker Daltonik), which
was dried at 37°C for approximately 20 min. Four technical replicates of all isolates were analyzed in each
of three independent experiments on a commercially available IR Biotyper system (Bruker Daltonik) by
running the IR Biotyper software (version 1.0.0.73) with the default analysis settings (32 scans per
technical replicate; spectral resolution, 6 cm~—7; apodization function, Blackman-Harris 3-term; zero-filling
factor, 4). Measurements that did not meet the default quality criteria (0.4 < absorption < 2; signal-to-
noise ratio, >40; fringes [X 10-¢], <100) were excluded from further analysis. Spectrum processing by
the software is based on the second derivative of the 800- to 1,300-cm~' wavenumber range of the
spectra, which is the default setting of the manufacturer. After vector normalization, the respective
summary spectra were calculated as the average of the underlying (technical or biological) replicate
spectra. The similarity of two spectra was assessed as the Euclidean distance (ED) between the two
(normalized) corresponding vectors using the following formula: similarity (%) = (1 — ED) X 100. The
similarity between all isolate spectra was calculated to generate a matrix, which was subsequently used
for clustering the isolates with the average linkage algorithm by the IR Biotyper software. The resulting
dendrograms were visualized in BioNumerics, version 7.6.

MALDI-TOF mass spectrum acquisition and analysis. K. pneumoniae isolates were grown for 16 to
18 h at 37°C on Columbia sheep blood agar plates (Oxoid). Colony material was directly transferred and
spotted onto a reusable 96-spot steel target (Bruker Daltonik, Bremen, Germany). The spots were then
overlaid with 1 ul of the matrix solution (a-cyano-4-hydroxycinnamic acid in 50% acetonitrile with 2.5%
trifluoroacetic acid) and were air dried for at least 10 min. Each isolate was spotted in four technical
replicates in three independent experiments. MALDI-TOF mass spectra for species identification and
typing were generated on a MALDI Biotyper system (based on a Microflex LT/SH instrument; Bruker
Daltonik) in a mass/charge (m/z) range of 2,000 to 20,000 with default settings for routine species
identification. The system is calibrated weekly using the IVD Bacterial Test Standard (Bruker Daltonik) as
recommended by the manufacturer. Bruker Biotyper software, version 3.1, with the MBT IVD library
containing 5,989 mass spectra was used. Measurements not meeting the quality criteria [log(score),
<2.00] were excluded from analysis. Spectrum data were subsequently imported into the BioNumerics
software suite, version 7.6. Preprocessing of the spectra (baseline subtraction, smoothing, and noise
calculation) was performed using the default settings, before summarizing the spectra of technical and
biological replicates, which yielded one summary spectrum per isolate. A curve-based or a peak-based
similarity matrix was calculated using the settings for the Pearson correlation or Dice method, respec-
tively, before clustering of the spectra by the software using the Ward algorithm or the unweighted pair
group method with arithmetic means (UPGMA).

Peak classes (i.e.,, consensus mass peaks from several spectra) for interisolate comparison were
generated with the standard settings in BioNumerics, version 7.6, except that a threshold of 10% for new
classes was used (i.e., a peak had to be present in at least 10% of the spectra to generate a new consensus
peak).

Calculation of clustering concordance. After manual attribution of isolates according to the
clustering result and application of the desired cluster cutoff value, the adjusted Rand index (ARI) and
contingency tables were calculated using the online tool at www.comparingpartitions.info (31).

Ethics statement. The bacterial isolates used in this study were previously collected from routine
microbiological specimens and were anonymized. Patients were not physically involved in the current
study. According to the professional code of conduct of the Baden-Wirttemberg Medical Association
(Landesarztekammer), approval from an ethics committee is therefore not required.

Accession number(s). The assembled genomes of the Klebsiella strains used in this study have
been deposited in the European Nucleotide Archive under accession no. PRJEB27975). The following
genomes were used as references: K. pneumoniae 30684/NJST258_2 (NCBI Reference Sequence Database
accession no. NZ_CP006918), K. pneumoniae H511286 (NC_016845), K. quasipneumoniae ATCC 700603
(NZ_CP014696), K. quasipneumoniae HKUOPA4 (NZ_CP014154), K. variicola At-22 (NC_013850), K. varii-
cola GJ1 (NZ_CP017284), and E. coli K-12 (NC_000913).

RESULTS

Klebsiella isolates included in the study. Weekly microbiological screening spec-
imens (anal and pharyngeal swabs) are routinely taken from patients on the neonatal
intensive care units of our hospital as mandated by German infection control guide-
lines. The first bacterial isolates, which were identified as K. pneumoniae by MALDI-TOF
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MS at that time, were collected from newly colonized patients born in the 1-year study
period (from December 2013 until November 2014). Consecutive isolates were added
if a change in the resistance pattern relative to previous isolates from the same patient
occurred. Overall, 68 bacterial isolates (“ID 1” through “ID 68") originating from 57
patients were included in this study (see Table S1 in the supplemental material).

SNP-based genome comparison and species identification of Klebsiella isolates.
To generate a reference for spectrum-based typing methods, a single nucleotide
polymorphism (SNP)-based comparison of all 68 sequenced Klebsiella genomes was
calculated using a previously built core genome (size, ca. 4.0 Mbp) of all strains (see
Materials and Methods for details). Whole-genome sequencing (WGS) allowed for
assignment of the strains to 29 WGS clusters (designated “A” through “CC” [Fig. 1]),
where two isolates exhibiting a difference of <18 SNPs (32) were considered to belong
to the same cluster. Eighteen WGS clusters contained only a single isolate, whereas 11
clusters comprised 2 to 8 isolates (Fig. 1). Comparison of the multilocus sequence types
(MLST) (which were extracted from WGS data) of clusters with a genomic distance of
<600 SNPs revealed that both clusters A and B (123-SNP distance) belonged to ST14,
whereas clusters E and F (362-SNP distance), as well as clusters W and X (555-SNP
distance), belonged to different sequence types (ST540, ST1013, ST922, and ST704,
respectively) (Fig. 1). Taking these findings together, the strain distribution reflects a
great diversity of Klebsiella strains recovered from our neonatal intensive care unit and
is therefore ideally suited for determining the resolution of typing techniques.

The SNP-based dendrogram further suggested that WGS clusters could be assigned
to three clades (designated clades |, II, and lll) based on greater SNP distances (Fig. 1):
clade | contained 24 clusters (A through X; 53 isolates); clade Il consisted solely of
cluster Y (4 isolates); and clade Il comprised 4 WGS clusters (Z through CC; 11 isolates).
Earlier versions of MALDI-TOF MS databases used for bacterial identification were not
able to consistently separate the species K. pneumoniae, K. variicola, and K. quasipneu-
moniae, which can result in misidentification (33). Therefore, we calculated the average
nucleotide identity (ANI) between one representative isolate of each WGS cluster (Fig.
1) and two reference genomes for each of the three Klebsiella species, because ANI
values of >95% indicate classification as the same species (29). All clade | isolates
showed an ANI of >95% relative to K. pneumoniae reference isolates, whereas the clade
Il and lll isolates exhibited ANI of >96% relative to the K. quasipneumoniae and K.
variicola references, respectively (see Table S2 in the supplemental material). This
confirms that Klebsiella species identification by MALDI-TOF MS is highly dependent on
the database. From here on, the species attribution of the isolates used in this study is
derived from the ANI calculations.

FTIR spectroscopy-based typing. FTIR is a rapid and easy-to-perform approach for
the analysis of bacterial cultures. We used this technique to analyze the heterogeneous
collection of 68 Klebsiella isolates by acquiring infrared spectra for each isolate in
quadruplicate in three independent measurements. The four spectra from one mea-
surement (technical replicates) were summarized by averaging to reduce spectrum
noise. These biological replicates were then again summarized to yield an isolate
summary spectrum, which was used for further calculations. The similarity between two
spectra is assessed by calculating the Euclidean distance between their normalized
vectors and is reflected by the distance of the two spectrum curves (see Fig. S1 in the
supplemental material). Identical spectra have a similarity of 100%. To determine the
intraexperimental variation, the average similarity of the four technical replicates was
calculated for each isolate in each experiment. This resulted in a mean similarity of
93.8% with a standard deviation (SD) of *=2.4%. Accordingly, the interexperimental
variation was calculated from the three biological replicate spectra for each isolate and
resulted in a similarity of 88.6% = 4.0% (mean = SD). Certain regions of the normalized
absorbance spectrum exhibited great variability when all isolate spectra were com-
pared (Fig. S1). This might imply that certain wavenumber ranges (e.g., 1,020 to 1,080
cm~ ") play a greater role than others (e.g., 840 to 880 cm™') in the discrimination of
two isolates.
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FIG 1 SNP-based cluster dendrogram of 68 Klebsiella isolates. A core genome of all genome sequences
was used to call SNPs in the isolate genomes. Genomes with distances of <18 SNPs were assigned to the
same WGS cluster (colored boxes). The multilocus sequence type (ST) was extracted from the assembled
genome sequences. Clade assignment and species identification were derived from average nucleotide
identity analysis (Table S2 in the supplemental material) of one representative isolate (indicated by an
asterisk) from each cluster.

Calculation of the Euclidean distance between all summary (isolate) spectra and
subsequent clustering with the average linkage algorithm resulted in the dendrogram
shown in Fig. 2A. To define a suitable cutoff for cluster designation, we reasoned that
FTIR spectra of genetically similar isolates will exhibit high similarity, whereas the
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similarity of distinct isolates will be lower. Indeed, when the similarity values of all
possible 2,278 isolate pairs were plotted in a histogram, a bimodal distribution was
observed (Fig. 2B). Seventy-five percent similarity was chosen as a cutoff value for
clustering, since this value showed the least frequency between the two distribution
peaks. When this value was applied to the dendrogram, the 68 isolates were grouped
into 28 clusters (designated FTIR clusters 1 through 28 [Fig. 2A]), which comprised one
to eight isolates. The adjusted Rand index (ARI) can be used to quantify the congruence
of the resulting cluster composition (31). An ARI of 1.0 signals complete concordance
between two typing methods. Clustering by WGS analysis and FTIR typing gave highly
similar results in our study, which was reflected by an ARI of 0.837. A result congruent
with the WGS phylogeny was obtained for 63 (92.6%) isolates. Only 5 isolates (7.4%)
showed incongruent results (Fig. 2A), as follows. ID 32 was separated from the other
isolates belonging to WGS cluster A and was joined with ID 45 (WGS cluster E) to form
FTIR cluster 10. ID 27 and ID 28 were separated from other isolates belonging to WGS
cluster Y and were joined with isolates from WGS cluster | to form FTIR cluster 7. This
FTIR cluster also contained ID 1, which is the sole member of WGS cluster C. ID 26 (WGS
cluster D) was joined with ID 54 and ID 52 (both from WGS cluster G) in FTIR cluster 21.
In all other cases, the members of WGS and FTIR clusters were congruent. Interestingly,
one isolate (ID 48, in WGS cluster B) that showed a distance of only 123 SNPs from
isolates in WGS cluster A was also clearly separated from those isolates by FTIR typing.

These results show that the relatedness of Klebsiella strains can be rapidly assessed
by FTIR spectroscopy with high resolution that exhibits high congruency with phylo-
genetic analysis of whole-genome sequencing data and also with multilocus sequence
types.

Typing of Klebsiella isolates by MALDI-TOF MS. Having established a WGS-based
typing reference, we also determined whether MALDI-TOF MS can provide a rapid tool
for analyzing the heterogeneous set of Klebsiella isolates. The MALDI-TOF spectra of all
isolates were recorded in quadruplicate (“technical replicates”). These four spectra were
then used to calculate a summary spectrum (“biological replicate”). Three of these
biological replicates were acquired for each isolate on three different days and were
again summarized to yield the isolate spectrum (see Fig. S2 in the supplemental
material). Initially, the similarity between all isolate spectra was quantified by the
Pearson coefficient for the spectrum curve, which resulted in the dendrogram shown
in Fig. 3A. The UPGMA algorithm was used for clustering, and a similarity cutoff value
was chosen that led to the generation of the same number of clusters (29 clusters) as
the WGS reference. The ARl was then calculated to quantify the congruency (i.e.,, the
similarity of the composition of the resulting clusters) between MALDI-TOF MS typing
and the WGS reference. The chosen parameters resulted in an ARI of 0.356, which
indicated a low ability of MALDI-TOF MS to identify related isolates. Isolates belonging
to the same WGS cluster (e.g. cluster A) were often assigned to more than one
MALDI-TOF cluster, and isolates from distinct WGS clusters (e.g., clusters P and D) were
grouped into one MALDI-TOF cluster (see Table S3 in the supplemental material).

Since the clustering of the MALDI-TOF spectra is influenced by the choice of the
method of spectrum similarity calculation, by the clustering algorithm, and by the
cluster cutoff value, different combinations of algorithms and parameters were used to
determine if the ARI could be substantially improved in this way. However, comparison
of two spectrum similarity calculation methods (curve-based Pearson similarity and
peak-based Dice similarity), two different clustering algorithms (UPGMA and Ward's
algorithm), and different clustering cutoff values, resulting in a wide range of cluster

FIG 2 Legend (Continued)

boxes. The species of each isolate is indicated by a colored circle (blue, K. pneumoniae; red, K. variicola;
green, K. quasipneumoniae), and the corresponding WGS cluster of the isolate is derived from Fig. 1.
Incongruently clustered isolates are marked with arrows. (B) Frequency distribution of all pairwise FTIR
spectrum similarities. The similarity value with the lowest frequency (arrow) between the peaks of the
bimodal distribution was used as the cluster cutoff in panel A.
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numbers, showed that even optimization of the calculation parameters can increase the
ARl only marginally, to 0.400 (Fig. 3B). These results show that MALDI-TOF MS does not
provide the required resolution for typing a diverse set of Klebsiella species.

Molecular basis of identification of K. pneumoniae and K. variicola by MALDI-
TOF MS. Although MALDI-TOF MS was only poorly able to assess the relationships of
Klebsiella isolates, the spectrum-based dendrogram suggested that K. variicola isolates
could be distinguished from K. pneumoniae strains, because the isolate spectra of the
respective species clustered together (Fig. 3A). We reasoned that specific MALDI-TOF
spectrum peaks within the complete spectrum can provide a basis for the distinction
of the two species.

In a first step, the BioNumerics software was used to search for MALDI-TOF mass
peaks that were specific for either the K. pneumoniae or the K. variicola species. This
resulted in the identification of 8 candidate peak pairs with similar m/z positions that
occurred in either of the two species isolates (Fig. 3A). These mass peaks likely represent
the same protein with one or more variations in the amino acid sequence, which alter
the molecular mass. Furthermore, some mass peaks exhibited an m/z ratio approxi-
mately half that of other peaks. These two peaks likely represent the singly (z) and
doubly (2z) charged ions of the same protein. These considerations together suggested
that four specific proteins with distinct amino acid sequences in K. pneumoniae and K.
variicola can be detected using MALDI-TOF MS.

Many bacterial MALDI-TOF mass spectrum peaks represent ribosomal proteins. To
provide a molecular explanation for the observed mass peak shifts, the amino acid
sequences of all ribosomal proteins were extracted from the annotated genomes of K.
pneumoniae and K. variicola reference strains as well as from two representative isolates
(ID 1 and ID 2), and the molecular masses of the proteins were calculated (see Table S4
in the supplemental material). The removal of the leading methionine from the peptide
is a posttranslational modification that occurs in some ribosomal proteins (34). There-
fore, the theoretical m/z position for each protein was also calculated for the deme-
thionated form and for the corresponding doubly charged (22) ions. Three ribosomal
proteins (L31p, L28p, and S15p) could be identified whose molecular masses
matched those of the tentative MALDI-TOF mass peaks (Fig. 4; also Table S4). The
different peak positions in the MALDI-TOF spectra of K. pneumoniae and K. variicola
strains could therefore likely be explained by amino acid substitutions in ribosomal
proteins (Table 1).

One prominent specific MALDI-TOF mass peak did not correspond to a ribosomal
protein based on comparison of the molecular masses. Therefore, the annotated
genomes of one K. pneumoniae (ID 1) and one K. variicola (ID 2) isolate were searched
for gene products with molecular masses of ca. 8,309 Da and 8,217 Da, respectively.
Indeed, one protein (YjbJ) could be identified whose calculated mass matched the
tentative peak masses in the two isolates (Fig. 4; see also Table S5 in the supplemental
material). Two amino acid sequence substitutions were responsible for the observed
mass difference (Fig. 4 and Table 1). Interestingly, YjbJ is a putative stress response
family protein, which was also found in MALDI-TOF mass spectra in E. coli (35). It seems
very likely that the species-specific MALDI-TOF mass peak also represents the YjbJ
protein in Klebsiella species.

Overall, these results show that K. pneumoniae and K. variicola can be distinguished
by MALDI-TOF MS using specific mass peaks, which likely represent three ribosomal
proteins and one putative stress response protein that exhibit different amino acid
sequences in the two species.

FIG 3 Legend (Continued)

K. variicola; green, K. quasipneumoniae). The corresponding WGS cluster of the isolate is derived from Fig. 1. The
presence of a specific MALDI-TOF mass peak in an isolate spectrum is shown by a filled rectangle in the column
under the respective m/z ratio. (B) Differences in the adjusted Rand index among two spectrum similarity
calculation algorithms (the curve-based Pearson coefficient [circles] and peak-based Dice algorithm [triangles])
and two clustering algorithms (UPGMA [filled symbols] and Ward’s algorithm [open symbols]) with different

numbers of clusters.
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FIG 4 Species-specific MALDI-TOF mass peaks. Shown are MALDI-TOF spectrum peaks for K. pneumoniae (ID 32) and K.
variicola (ID 49) that represent the singly (z) or doubly (22) charged ions of three ribosomal proteins (unmodified or with
the leading methionine removed [dMet]) and one stress response protein. The m/z ratios of the peaks are given. The height
of each peak reflects the relative intensity (Int.) with respect to the highest peak in the spectrum. Neighboring peaks
without relevance for the species delineation are marked by asterisks.

DISCUSSION

In the study presented here, the performance of FTIR and MALDI-TOF MS for typing
clinical Klebsiella isolates was evaluated with regard to the discriminatory power of
these rapid analysis methods. WGS was employed as a reference to analyze a set of
Klebsiella strains recovered from clinical specimens. The adjusted Rand index was used
to determine the congruency of the respective spectrum-based typing method in
comparison to the reference (31).

High agreement between FTIR- and WGS-based clustering was obtained in our
study. This is in line with reports that found good discrimination of other clinically or
environmentally relevant Gram-negative organisms, such as Y. enterocolitica (11, 36), E.
coli (10), and Klebsiella oxytoca (37). These findings might reflect the fact that FTIR
spectra are prominently shaped by components of the Gram-negative cell wall or
capsule molecules and that high diversity among these structures (e.g., O antigens or
capsule types) underlies successful discrimination by FTIR. This hypothesis can be
transferred to our study, because nine O serotypes (38) and at least 134 capsule
synthesis loci (39) have been described for K. pneumoniae. Since clustering by FTIR

TABLE 1 Amino acid sequences of ribosomal and stress response proteins tentatively underlying the species-specific MALDI-TOF
spectrum peaks in K. pneumoniae and K. variicola®

Protein Species Amino acid sequence® Modification m/z m/(2z)
L31p K. pneumoniae MKKGIHPNYDEITATCSCGNVMKIRSTVGHDLNLDVL. . .J* 7,742 3,871
K. variicola MKKGIHPKYEEITATCSCGNVMKIRSTVGHDLNLDVL. . .J* 7,770 3,885
L28p K. pneumoniae (M)SRVCAQ]. . .JVSAKGMRVIDKKGIDTVLAELRARGEKY* dMet 8,875 4,437
K. variicola (M)SRVCAQ. . .]VSAKGMRVIDKKGIDTVLSELRARGEKY* dMet 8,891 4,446
S15p K. pneumoniae (M)SLSVEL. . .]JQRRKLLDYLKRKDVARYAALIERLGLRR* dMet 10,077 5,038
K. variicola (M)SLSVEL. . JQRRKLLDYLKRKDVARYSALIERLGLRR* dMet 10,062 5,031
YjbJ K. pneumoniae MNKDEIGGNWKQFKG]. . ]YEKDQAEKEVSDWEHKNDYRW* 8,309 4,155
K. variicola MNKDEIGGNWKQLKG]. . .JYAKDQAEKEVSDWEHKNDYRW* 8,217 4,108

9The calculated molecular mass was used to determine the theoretical peak position of the single (m/z) or double [m/(22)] charged ion of the unmodified or
demethionated (dMet) form of the protein.

bAmino acid substitutions that lead to a mass change are underlined. Ellipses within brackets indicate parts of the sequence without differences; asterisks indicate
stop codons.
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differed from cluster assignment by WGS for five isolates (7.4%) in this study, we
speculate that structural similarities of cell wall or capsule components between
isolates are, at least in some cases, responsible for the wrong attribution. As with other
DNA-based and non-DNA-based typing techniques, caution has to be used in the
interpretation of typing results, especially in the clinical setting.

Since FTIR spectra represent the chemical composition of a specimen, one concern
with this technique is that growth of bacteria on different culture media or for different
incubation periods will result in changes in the recorded isolate spectra, thereby
disturbing reproducibility. This can have a considerable influence on the grouping of
isolates, if spectra from the same isolate show substantial dissimilarities. Even the
spectra of technical replicates exhibit a certain amount of dissimilarity, which is usually
<0.1 of the Euclidean distance. Therefore, it is crucial to keep the growth conditions as
constant as possible when one is performing FTIR.

In contrast to FTIR, low congruency between MALDI-TOF MS and WGS typing was
found in this study. However, the clustering algorithm that is applied to the similarity
matrix, as well as the choice of a cutoff similarity value for clustering, naturally can have
an influence on the concordance with the reference. Therefore, two spectrum similarity
calculation methods (Pearson and Dice), as well as two clustering algorithms (UPGMA
and Ward) and several clustering cutoff values, were evaluated, but even optimization
of these parameters could not substantially enhance the performance of MALDI-TOF
MS for typing. These results can be explained by the limited intraspecies variation of the
protein profile (consisting of ribosomal and other abundant proteins) detected by this
method. The highly distinct capacities of FTIR and MALDI-TOF MS to delineate Klebsiella
isolates support the notion that the “target structures” of the two methods are
fundamentally different. Our findings are in line with a recent study that analyzed 83 K.
pneumoniae isolates representing major multidrug-resistant clones from southern Eu-
rope and found low agreement between MALDI-TOF MS and other methods (40).

Nevertheless, we identified 8 MALDI-TOF mass peaks that could be used for the
delineation of the two species K. pneumoniae and K. variicola. This approach has also
been successfully employed for the typing of C. jejuni, where mass shifts of a specific
peak could be attributed to certain multilocus sequence types (19). In a large outbreak
with Shiga toxin-positive E. coli O104:H4 in Germany, the outbreak strain could also be
detected by MALDI-TOF MS by a specific mass peak (41). Also in E. coli, a peak shift from
9,741 Da to 9,716 Da showed accurate discrimination for identification of the B2
phylogroup (42). This peak most likely represents the stress response protein HdeA (43,
44). When we used the WGS data from our strains and from available reference
genomes, we determined that the tentative peak mass shifts in K. pneumoniae and K.
variicola can be explained by differences in the amino acid sequences of three
ribosomal proteins (L31p, L28p, and S15p) and one putative stress response protein
(YjbJ). This provides a molecular basis for the way in which closely related species,
subspecies, and subtypes can be distinguished by MALDI-TOF MS. However, definitive
assignment of MALDI-TOF mass peaks to certain proteins or biomarkers would require
additional methods, such as MALDI-TOF tandem MS (MS-MS). With the increased
availability of genome sequencing and proteomics technology, it seems desirable to
identify more of these type-specific targets, which can be used in MALDI-TOF MS
analyses. For example, in K. pneumoniae, the presence of an 11,109-Da mass peak was
associated with carbapenemase-producing isolates (45-47). Our study included only
one strain (four isolates) of K. quasipneumoniae, so further investigations with a larger
set of strains are needed to determine if this species can also be reliably delineated by
MALDI-TOF MS.

Currently, most clinical epidemiological studies and outbreak reports focus on
antibiotic-resistant pathogens. However, the spread of antibiotic-susceptible bacteria is
often overlooked, despite the fact that these pathogens can also pose a severe threat
to immunocompromised patients and other groups who are highly susceptible to
infection. Detection of the clonal relationships of pathogens by rapid typing techniques
can have a great impact on infection control measures in the hospital.
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Overall, our study shows that FTIR is a powerful tool for the typing of Klebsiella
isolates. Major advantages over WGS include (i) low cost, (ii) little hands-on time, (iii) a
fast turnaround time in the laboratory, and (iv) relatively low computation power. These
characteristics might allow this technology to be applied for personalized real-time
surveillance of pathogenic Klebsiella isolates, and potentially other clinically relevant
pathogens, independently of their antibiotic susceptibility patterns. However, prospec-
tive studies are needed to show feasibility in the laboratory and an impact on patient
outcomes.
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