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Raw sequencing data are available in the NCBI repository (BioProject accession:
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Figshare repository available at https://doi.org/10.6084/m9.figshare.22016009.v1

2. Abstract

Whole genome sequencing (WGS) of healthcare-associated pathogens is recognised as the
gold standard for isolate typing and the recognition of transmission networks and outbreaks.
However, it remains reasonably expensive to process small numbers of isolates in real-time,
and frequently requires specific expertise to enable both sequencing and the analysis of
sequencing outputs, limiting its generalisability and turnaround. Spectrometry has
revolutionised species identification in clinical laboratory workflows, and has more recently
been applied to strain-level identification to facilitate low-cost, routine strain typing in clinical
laboratories. However, studies to date of its clinical performance for strain-level typing are
conflicting, and limited evaluation has been undertaken on environmental healthcare-
associated isolates. We therefore compared its performance with WGS for Enterobacter
cloacae, Citrobacter freundii and Klebsiella pneumoniae isolated from sink drains across
nine hospitals and investigated whether it could be used as a screening tool prior to WGS.
We found its sensitivity and specificity to cluster isolates when compared with WGS were
generally poor and highly variable dependent on species and the single nucleotide
polymorphism (SNP) distance threshold used to cluster isolates.

3. Impact statement

Enterobacterales are key pathogens of concern in healthcare-associated infections and have
been shown to be disseminated via environmental reservoirs in hospitals. Accurately
evaluating strain-based transmission networks amongst patients and hospital environments
is critical to optimising infection prevention and control interventions. The current gold
standard approach to characterise these transmission networks is to use genome
sequencing of isolates, but this remains expensive and challenging to do routinely in many
clinical laboratories.

Bacterial characterisation based on protein spectra has been widely implemented for
species identification in diagnostic microbiology, and devices such as Bruker’'s matrix-
assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry system
(MALDI Biotyper) have revolutionised workflows, reducing both costs and turnaround. Bruker
have introduced another device, known as the IR Biotyper, which aims to use infrared
spectroscopy to characterise strain-level variability and facilitate outbreak investigation. Our
study shows that when compared to whole genome sequencing, the IR Biotyper cannot be
used reliably to type collections of isolates collected from the hospital sink environment,
which might limit its suitability to investigate outbreaks associated with this environmental
reservoir.
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79 4. Data summary

80 The authors confirm all supporting data, code and protocols have been provided
81  within the article or through supplementary data files.

82
83 Raw isolate sequencing data are deposited in NCBI (BioProject accession: PRINA925315).
84

85  Supplementary data files, phylogenetic and IR Biotyper trees are deposited in Figshare
86  https://doi.org/10.6084/m9.figshare.22016009.v1

87

g8 5. Introduction

89  Healthcare-associated infections (HCAIS) increase length of hospital stay, morbidity,

90 mortality and costs; they are an important safety issue in all countries, regardless of income
91 level [1]. Healthcare settings provide conditions that facilitate the transmission of pathogenic
92  microorganisms, such as an immunosuppressed patient population, invasive procedures and
93  multiple potential environmental reservoirs [2, 3]. HCAIs can result from sporadic events or
94  from outbreaks affecting several patients [2].

95

96  Outbreak-causing HCAIs can be due to a variety of bacterial, fungal or viral pathogens [3, 4].
97  Preventing and containing hospital-associated outbreaks requires timely identification of the
98 causative agent and investigation of possible transmission pathways to implement effective
99 infection control measures [2]. However, identifying the source of an outbreak can be

100 difficult [4], particularly when an environmental source is suspected [5]. Hospital sinks have

101 emerged as a key reservoir linked to outbreaks caused by Enterobacterales and other

102  Gram-negative organisms [6].

103

104  Several typing techniques can be useful for outbreak investigations in hospitals. Genotypic
105 techniques such as pulsed-field gel electrophoresis (PFGE), repetitive-element palindromic
106 PCR (rep-PCR), multi-locus sequence typing (MLST) [7] and variable-number tandem repeat
107 (VNTR) schemes (Katie Hopkins, personal communication) have been used traditionally.
108  However, these techniques can lack discriminatory power and/or reproducibility and

109 therefore analyses have increasingly been replaced by whole genome sequencing (WGS)
110  [7]. WGS has been widely used to study outbreaks retrospectively [8-11] and, to some

111  extent, prospectively [12, 13], and is considered the gold standard approach to determining
112  isolate relatedness. However, implementation in the routine clinical setting is still limited by
113  availability, turnaround time, relative cost, and the specialist bioinformatics expertise

114  required to process data and interpret outputs. A rapid, low-cost and user-friendly typing
115  method to inform outbreak management in a timely manner would still therefore be of use.
116  Such an approach could also complement WGS-based surveillance in some settings by
117  enabling the targeted selection of isolates for WGS to reduce costs and turnaround times.

118

119  The Bruker IR Biotyper uses Fourier Transform Infrared (FT-IR) spectroscopy to generate
120  spectra from bacterial isolates and establish relationships between them according to
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spectral similarities [14]. While the technology can quantify the absorption of all molecules
present in the sample (carbohydrates, lipids, proteins, and nucleic acids) to generate the
spectra, the region reflecting the variations in carbohydrates has been chosen as the default
for strain typing on the IR Biotyper, which has been used alongside genotypic methods to
type collections of clinical isolates of Klebsiella pneumoniae [15-19] and Enterobacter
cloacae [17, 20, 21] among others. While the results of some of these studies have shown
concordance between the techniques, they have often relied on WGS to define the most
appropriate cut off value for clustering [15-20] on the IR Biotyper. Other studies have found
little correlation with WGS for E. cloacae [21] and MLST for Pseudomonas aeruginosa [22].
One aspect that has received little attention to date is the use of the technique “out-of-the-
box” (i.e. using the manufacturer’'s recommended settings) on isolates recovered from the
hospital environment, thus simulating the “real-world” conditions in which the IR Biotyper
might be used in clinical practice without any additional labour-intensive and bespoke
optimisation of thresholds.

In this study we assessed the performance of the IR Biotyper using a collection of 162 E.
cloacae, Citrobacter freundii, and K. pneumoniae isolates collected in hospital sinks from
nine different hospitals in England, UK. We evaluated the correlation between clusters
determined using the IR Biotyper with those obtained from nucleotide-level (i.e. single
nucleotide polymorphisms [SNP]) threshold analysis from WGS data.

6. Methods

Bacterial isolates

Drain biofilms and waste trap water from ninety hospital sinks in nine different hospitals
sampled in England between March and June 2019 were cultured on MacConkey n°3 agar,
Brilliance™ E. coli/coliform agar, and chromID™ CARBA agar overnight at 37°C. Species
identification of morphologically distinct cultured isolates was performed using matrix-
assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry (Bruker
Daltonik MALDI Biotyper) with the direct transfer method. Antibiotic resistance profiling was
carried out straight after isolation and identification using the disc diffusion method
(gentamicin, amikacin, ciprofloxacin, ceftazidime, meropenem and ertapenem) following
current EUCAST guidelines [23]. All Enterobacterales isolates from each sample with a
distinct antimicrobial resistance profile were stored as pure sub-cultures in cryobeads at -
80°C and those identified by the MALDI Biotyper as members of the E. cloacae complex, C.
freundii complex and K. pneumoniae/K. variicola were used in this study. For simplicity we
refer to members of the E. cloacae complex as E. cloacae, members of C. freundii complex
as C. freundii and K. pneumoniae/K. variicola isolates as K. pneumoniae throughout the
manuscript.

IR Biotyper: sample preparation, spectrum acquisition and analysis

Sample preparation was carried out according to manufacturer’s instructions. In brief, all
isolates were grown on tryptic soy agar overnight at 37°C and kept at 4°C as stock plates.
Isolates were subsequently sub-cultured from the stock plates and grown at 37 °C for 24
hours. A full 1ul loopful of each isolate, taken from an area of confluent growth, was
suspended in 50ul of 70% (v/v) ethanol in a suspension vial with inert metal cylinders
(Bruker) and vortexed. After the bacteria were homogenised, 50ul of sterile water was
added, suspensions were vortexed again, and 15l was plated in quintuplicate onto an IR
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167  Biotyper silicon target plate. Bruker infrared test standards (IRTS1 and IRTS2) were also
168  applied to the plate for each run. Each plate was dried at 37 °C for 15 minutes before being
169  analysed.

170

171  Spectra were acquired and processed by OPUS v7.5 software (Bruker GmbH) and analysed
172 using the IR Biotyper software (version 3.0) with default analysis settings where the

173  observed spectral range focuses on polysaccharide regions evaluating changes in the

174  carbohydrate composition of bacterial cell walls (1,200-900 cm?). To determine appropriate
175  cut-off values, 10-11 isolates for each species, expected to be different strains based on
176  antibiograms and hospital location, were independently analysed in quintuplicate by three
177  researchers on three different days. The isolates originated either from this study, pilot work
178  conducted before this study in another hospital, or an unrelated UK Health Security Agency
179  collection (two K. pneumoniae strains). Details on isolates used for the determination of IR
180  Biotyper cut-off values for cluster assignation can be found in Table S1. The cut-off values
181  determined (0.198 for E. cloacae, 0.191 for C. freundii and 0.291 for K. pneumoniae) were
182  subsequently applied to the dendrograms to assess clustering.

183

184  Dendrograms were built using Euclidean distance and average linkage clustering with the IR
185  Biotyper software (version 3.0). Dendrograms for each species were built for the overall

186  collection of isolates (overall) and for each individual hospital (hospital-level) using Euclidean
187  metric distance and the average linkage method.

188
189 lllumina sequencing

190 Isolates were recovered from beads and DNA was extracted using QlAamp DNA Mini Kit.
191 Libraries were prepared for MiSeq sequencing using the Illlumina DNA Prep protocol

192  (lllumina, Document # 1000000025416 v09, June 2020). Manual library normalization was
193  performed to ensure even sample coverage, based on the library's DNA concentration and
194  average size, as measured by the Qubit and 2200 TapeStation. The samples were batched
195 per flow-cell and paired-end sequencing was performed using the MiSeq reagent kit v3, with
196 2 x 300 bp with one water control on each run. Set A IDT for Illumina DNA/RNA UD

197 Tagmentation Indexes were used.

198

199 Bioinformatics/statistics

200 Genomes were assembled using Shovill (v1.1.0) (https://github.com/tseemann/shovill) with
201  default settings. For further analysis we included only those genomes with assembly size
202  >4Mbp and <6.5Mbp that were also identified as belonging to either K. pneumoniae, C.

203  freundii or E. cloacae using the MLST tool (https://github.com/tseemann/mist). Raw reads
204  were subsequently mapped to reference genomes (CP000647.1 K. pneumoniae,

205 NZ_CP033466.1 E. cloacae and CP016762.1 C. freundii) using Snippy (v4.6.0)

206  (https://github.com/tseemann/snippy). Whole genome SNP alignments (padded with the
207  reference bases at invariant sites) were created using Snippy-core and recombination

208  masking was performed using Verticall (v0.4.1) (https://github.com/rrwick/Verticall).

209  Maximum likelihood trees were subsequently created using I1Q-tree (v2.1.3, using the

210 general time reversible model). We evaluated the ability of the IR Biotyper to correctly cluster
211  isolates at doubling SNP thresholds from 10 to 1280, where in this analysis clusters derived
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212 from WGS data were taken to be the ground truth. Overall correlations between pairwise
213  SNP distances (derived from WGS data) and Euclidean distances (output from the IR
214  Biotyper software as above) were assessed using Spearman correlation coefficients.

215

216  True positives were defined as those cases where at a given SNP threshold (t) the pairwise
217  SNP distance between two isolates was <t and the isolates were clustered by the IR

218  Biotyper; similarly true negatives were called where the pairwise SNP distance was >t and
219 the isolates were not clustered by the IR Biotyper. False positives were those cases where
220 two isolates were incorrectly clustered by the IR Biotyper but the pairwise SNP distance was
221 >t and false negatives those cases where the isolates were incorrectly not clustered by the
222 IR Biotyper but the pairwise SNP distance was <t.

223

224  We then calculated sensitivity and specificity using R version 4.1.0 [24]. Sensitivity was
225  defined by calculating true positives/(true positives + false negatives), and specificity by
226  calculating true negatives/(true negatives + false positives). Calculations were undertaken
227  considering clusters derived using both the overall and hospital-level thresholds.

228

229  All data visualisations were produced using ggplot2 [25]. Computation was performed on the
230  Oxford Biomedical Research Computing Cluster.

231

232 7. Results

233  Microbiology and sequence data processing

234  We sampled a total of 90 sinks across 9 hospitals, where C. freundii was cultured from 51
235  (57%) sinks, E. cloacae from 42 (47%) sinks, and K. pneumoniae from 28 (31%) sinks. All
236  isolates originating from a different sample with a unique antibiotic resistance profile across
237  the six antibiotics evaluated (i.e. 69 E. cloacae, 61 C. freundii and 32 K. pneumoniae) were
238  typed using the IR Biotyper and subsequently sequenced; 54/69 (78%), 45/61 (74%) and
239  29/32 (91%) of E. cloacae, C. freundii and K. pneumoniae sequencing datasets passed QC
240  and were analysed.

241  Isolate relatedness by IR Biotyper

242  The IR Biotyper identified 13, 7 and 3 clusters for E. cloacae, C. freundii and K. pneumoniae
243  respectively when isolates were evaluated at the hospital-level. When all isolates for each
244  species were evaluated overall and plotted on the same dendrogram, the number of clusters
245 was 14, 12 and 4 respectively (Table S2). Clusters identified within hospitals were not

246  always maintained in the overall dendrograms for K. pneumoniae (1 out of 3 clusters) and E.
247  cloacae (3 out of 13 clusters).

248  Isolate relatedness by WGS

249  Median (IQR) pairwise SNP distances overall were 408,099 (170,587-580,301) for E.
250 cloacae, 80,089 (52,774-95,009) for C. freundii, and 44,497 (41,898-302,451) for K.
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pneumoniae highlighting the genetic diversity of these isolates. Genetic relatedness of
isolates cultured varied by hospital (Table S3).

Overall correlation between IR Biotyper and SNP distances

For all three species there was a significant but relatively weak correlation between SNP
distances (calculated from WGS) and Euclidean distances (from the IR Biotyper matrices; E.
cloacae r? = 0.23 [95% CI: 0.18-0.28], p<0.001; C. freundii r?> = 0.38 [95% CI: 0.32-0.43],
p<0.001; K. pneumoniae r?=0.15 [95% CI: 0.05-0.24], p=0.003, Figure S1.

Agreement between clusters derived by IR Biotyper versus whole genome
sequencing

Whilst overall for all three species there was some evidence that pairwise distances between
isolates clustered by the IR Biotyper were smaller than those not clustered (K. pneumoniae —
median [IQR] SNP distance for clustered: 45,949 (27,088-305,875) vs non-clustered: 44,371
(41,935-301,982), p=0.67; E. cloacae 98,236 [23,494-489,956] vs 408,668 [174,781-
583,287], p<0.001; C. freundii 595 [284-1,176] vs 88,739 [57,770-95,356], p<0.001), there
were also multiple examples of genomically highly similar isolates inappropriately not
clustered and genomically divergent isolates inappropriately clustered by the IR Biotyper
(Figure 1).

There was substantial heterogeneity in the performance of the IR Biotyper across the three
species included in this study. For example, at a <80 SNP cut-off, the IR Biotyper correctly
identified 0/2 (0%) isolate pairs clustered by WGS for K. pneumoniae and 4/6 (67%) C.
freundii. At this same threshold the IR Biotyper incorrectly clustered 8/63/102 isolates for K.
pneumoniae/E. cloacae/C. freundii respectively which were found to be >80 SNPs apatrt in
the WGS analysis. Similar patterns were observed for the whole range of SNP cut-offs,
suggesting that it is unlikely that the arbitrary choice of SNP cut-off threshold to determine
genetic relatedness effects the result (Table 1).

8. Discussion

The IR Biotyper is designed to provide rapid typing of isolates that can inform surveillance
and implementation of infection prevention and control measures during outbreaks. Isolates
recovered from the hospital environment could be processed alongside clinical isolates to
investigate environmental reservoirs that might be contributing to transmission. This might
also allow screening of isolates prior to WGS to save money by filtering out those which are
clearly genetically divergent from the outbreak clade of interest. However, our findings
suggest that the IR Biotyper has limited sensitivity for typing isolates recovered from hospital
sinks.

Several previous studies have used the IR Biotyper to explore retrospectively the similarity
among collections of Gram-negative clinical isolates collected during routine surveillance or
outbreak investigations, often in intensive care units [15-22, 26] with different degrees of
success. In these studies, comparisons have typically been against WGS, PFGE and/or
MLST. In contrast to WGS however, MLST is a relatively low-resolution typing approach
analysing variation in only small numbers of housekeeping genes, and given that isolates
with the same ST can be substantially genetically divergent at the nucleotide-level, using this
as a reference standard has limitations. For those studies using WGS as the reference,
there was some degree of correlation between the techniques, but FT-IR had more limited


https://doi.org/10.1101/2023.04.24.23289028
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2023.04.24.23289028; this version posted April 26, 2023. The copyright holder for this preprint

294
295
296
297
298
299
300
301
302
303

304
305
306
307
308
309
310
311
312
313

314
315
316
317
318
319
320
321
322
323
324
325

326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

discriminatory power [15, 16, 18-21] including amongst highly genetically related isolates
obtained longitudinally from the same patients [20, 21]. Another study found that two isolates
of Klebsiella pneumoniae with a SNP distance of 27,006 formed part of the same IR Biotyper
cluster [16]. Hypotheses for this lack of concordance include the impact of culture conditions
and the presence of a mucoid phenotype [16, 21], which can be common amongst
Enterobacterales. Wang-Wang et al., [19] have recently argued that use of the IR Biotyper
should be compared to conventional epidemiology, which constitutes the most common
outbreak investigation tool in many healthcare settings. In their study, using WGS as the
gold standard, the IR Biotyper inferred more true genomic relations than conventional
epidemiology [19].

The manufacturer recommends determining clustering cut-off thresholds locally in each
laboratory, to account for variability associated with the local conditions (media, incubator,
operators etc.). For this evaluation, we selected isolates based on phenotypic information
(MALDI-ToF identification and antibiotic disk diffusion assays). In contrast, some earlier
studies have calibrated IR Biotyper clustering thresholds against genotypic methods such as
WGS [19, 20] or MLST [17, 22]. Whether cut-off values determined for one isolate collection
are appropriate for subsequent typing of new isolates in the same institution remains to be
determined but Vogt et al., [20] observed lower concordance between WGS and IR Biotyper
outputs when a larger collection of E. cloacae isolates from the same group of patients was
considered (239 vs. 24 isolates used in the initial evaluation).

Although we standardized the culture conditions, we did not undertake any bespoke
optimization or selection of different features of the spectra, which might improve the
performance of the IR Biotyper outputs, seeking rather to evaluate this assay in a pragmatic,
“out-of-the-box” way to mimic the approach most users would have. Strengths of this study
include an evaluation of the sensitivity and specificity of the IR Biotyper on three species at
different thresholds of genetic relatedness (i.e. different SNP thresholds). We have also
evaluated performance when considering isolates clustered at the hospital-level, or clustered
across all hospitals, with some differences, mimicking what users might wish to do in
practice (i.e. evaluating intra- versus inter-hospital outbreaks). However, we were not able to
assess the performance of the IR Biotyper in an epidemiologically defined outbreak setting
and/or include clinical and environmental isolates associated with an outbreak as part of this
study.

A limitation of studies to date, including this one, is the relatively low number of isolates
included per species, and the relatively low number of highly genetically related isolates (by
WGS). For K. pneumoniae the size of previous studies has ranged from 16 to 68 [15-19])
and for E. cloacae from 23 to 239 [17, 20, 21]; we found no published peer-reviewed studies
applying the IR Biotyper to C. freundii isolates. Moreover, the inclusion of Gram-negative
isolates recovered from the hospital environment in Fourier transform infrared spectroscopy
analysis has not been frequent. The greater diversity of isolates we observed here may
adversely affect performance metrics; however, typing methods need to be able to correctly
rule-in genetically similar and rule-out genetically divergent cases. Many studies have shown
that sinks contribute to nosocomial Enterobacterales transmission networks, and so being
able to characterise isolates in these reservoirs accurately is important [27, 28]. However,
previous studies have rarely incorporated isolates from the hospital environment. Dieckmann
et al., [29] analysed ten bacterial isolates of Klebsiella oxytoca recovered from two lots of an
intrinsically contaminated liquid hand soap product and showed that all isolates clustered
together, concordant with WGS. Wang-Wang et al., [19] included two environmental isolates
in their analysis (one from a mattress and one from a sink) which did not cluster with any of
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342  the clinical isolates. This is the first study to include a collection of isolates representing the
343  diversity of Enterobacterales from hospital sinks.

344  In conclusion, we demonstrate in this study that, when compared to WGS as a gold standard
345 and for the three species investigated, the IR Biotyper is not able to reliably cluster isolates
346  when using WGS-derived genetic relatedness as the reference standard. This might limit its
347  suitability to investigate outbreaks, particularly in cases associated with hospital sink

348  reservoirs.
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9. Figures and tables

Figure 1. Pairwise isolate SNP distance distributions by species for isolates clustered by the IR Biotyper at the hospital-level (top
panel) and overall (bottom panel). Note SNP distances on the x-axis are on a log scale and these scales are different for each species.
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Table 1 - Performance characteristics of clustering using the IR Biotyper compared to WGS. At each SNP threshold we calculated the
true positives (pair of isolates clustered by IR Biotyper and WGS), false positives (clustered by IR Biotyper but not WGS), true negatives (not
clustered by either method) and false negatives (clustered by WGS but not IR Biotyper). Sensitivity (TP/(TP+FN)) and specificity (TN/(TN+FP))
were subsequently estimated. The “overall” IR Biotyper clusters where used for this analysis.
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Number of Number of isolate

clusters Number of isolate pairs not
SNP defined by pairs clustered at clustered at SNP  True False True False
threshold WGS SNP threshold threshold Positives Positives Negatives Negatives Sensitivity Specificity
K. pneumoniae n = 29
10 0 0 406 NA 8 398 NA NA 0.98
20 1 1 405 0 8 397 1 0 0.98
40 1 1 405 0 8 397 1 0 0.98
80 2 2 404 0 8 396 2 0 0.98
160 2 2 404 0 8 396 2 0 0.98
320 2 2 404 0 8 396 2 0 0.98
640 2 2 404 0 8 396 2 0 0.98
1280 3 3 403 1 7 396 2 0.33 0.98
E. cloacae n=54
10 0 0 1431 NA 63 1368 NA NA 0.96
20 0 0 1431 NA 63 1368 NA NA 0.96
40 0 0 1431 NA 63 1368 NA NA 0.96
80 0 0 1431 NA 63 1368 NA NA 0.96
160 0 0 1431 NA 63 1368 NA NA 0.96
320 0 0 1431 NA 63 1368 NA NA 0.96
640 0 0 1431 NA 63 1368 NA NA 0.96
1280 0 0 1431 NA 63 1368 NA NA 0.96
C. freundiin = 45
10 0 0 990 NA 106 884 NA NA 0.89
20 0 0 990 NA 106 884 NA NA 0.8
40 1 2 988 2 104 884 0 1 0.89
80 2 6 984 4 102 882 2 0.67 0.9
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