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Abstract

The need to identify highly related bacterial strains is ancient in clinical, industrial, or environmental microbiology. Strategies
based on different phenotypic and genotypic principles have been used since the early 1930s with variable outcomes and
performances, accompanying the evolution of bacterial features’ knowledge as well as technologies, instruments, and data
analysis tools. Today, more than ever, the implementation of bacterial typing methods that combine a high reliability and accuracy
with a rapid, low-cost, and user-friendly performance is highly desirable, especially for clinical microbiology. FT-IR develop-
ments for bacterial discrimination at the infra-species level settled on the identification of bacterial groups previously defined by
phenotypic or genotypic typing methods. Therefore, this review provides a brief historical overview of main bacterial strain
typing methods, and a comprehensive analysis of the fundamentals and applications of Fourier transform infrared spectroscopy, a
phenotypic-based method with potential for routine strain typing. The different studies on FT-IR-based strain typing of diverse
Gram-negative and Gram-positive bacterial species are discussed in light of genotypic, phenotypic, and biochemical aspects, in
order to definitively give this methodology credit to be widely accepted by microbiologists. Importantly, the discriminatory
biochemical fingerprints observed on FT-IR spectra have been consistently correlated with sugar-based coating structures that
besides reflecting strain variation are also of high relevance for the specificity in pathogen-host interactions. Thus, FT-IR-based
bacterial typing might not only be useful for quick and reliable strain typing but also to help understanding the diversity,
evolution, and host adaptation factors of key bacterial pathogens or subpopulations.

Keywords Bacterial typing - Strain differentiation - FT-IR spectroscopy - Capsular types - Serotypes - Serogroups - Surface
polysaccharides - Multivariate data analysis

Evolution of bacterial typing methods

Bacterial typing is the process of generating discriminatory
strain-specific fingerprints or datasets within isolates from a
given bacterial species that is useful to infer phylogenetic de-
scents in clinical, industry, or environmental contexts. Ideally, a
typing method needs to provide a reliable and accurate bacterial
type, at the highest speed and lower cost possible [1]. In addi-
tion, stability of results over time, portability, and appropriate
software for both data storage and automated interpretation are
a plus to guarantee standardized data and international coverage
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[2, 3]. The development of typing methods has been intimately
linked to the increasing knowledge on bacterial features along-
side with the evolution of instruments, technologies, and soft-
ware for analysis of biological data (bioinformatics tools). A
temporal perspective on the evolution of bacterial typing
methods contextualized with their fundamentals, advantages,
and disadvantages is provided below.

Phenotyping methods were fundamental between 1940 and
the 1980s to aid our understanding of bacterial intraspecies
diversity and the epidemiology of bacterial infections, and
also to distinguish pathogenic from non-pathogenic strains
(Fig. 1). Serotyping was one of the most important and it is
still applied today in health- or food-associated laboratories
for several Gram-negative and Gram-positive bacterial species
(e.g., Escherichia coli, Salmonella enterica, Streptococcus
pneumoniae, Listeria monocytogenes). Because it is labor-
and time-consuming, difficult to interpret, and has a high cost
associated with the purchase and maintenance of reagents,
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traditional serotyping is progressively being replaced by mo-
lecular methods [4—7] or in silico serotyping tools based on
whole genome sequencing (WGS) data [8—12] (see below).
Established as early as 1930s, traditional serotyping is
based on the use of antisera against surface polysaccha-
rides with high specificity such as the somatic (O), fla-
gellar (H), and/or capsular (K) antigens. The antigen for-
mula (O:H:K) is often used as a strain signature for out-
break investigation and identification of particular patho-
genic strains (e.g., the enterohemorrhagic E. coli
O157:H7) [13-18]. Besides some structural differences
between Gram-positive and Gram-negative bacteria, the
type, composition, and relative abundance of polysaccha-
ride antigens vary between and within species [19, 20].
Gram-negative bacteria possess an outer membrane,
where the lipopolysaccharide (LPS) composed of the var-
iable O-antigen (a core polysaccharide) and the lipid A is
anchored [21]. On the other hand, Gram-positive strains
possess teichoic acids (and less frequently teicuronic
acids) covalently bound to the peptidoglycan, which
composition seems to vary in their side chains. Some
bacteria may also additionally possess capsule (CPS), a
hydrated polysaccharide gel that determines the K-anti-
gen. Several of these surface structures are composed of
variable types and combinations of saccharide units that
determine a specific composition and structure of oligo
and polysaccharide chains. Whereas well-characterized
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for some bacterial pathogens, the diversity and evolution
of surface antigens is still largely understudied for some
bacterial species [20].

In the late 1970s, the surge of molecular biology tools for the
detailed analysis of nucleic acid sequences supported the devel-
opment of genotyping methods that assess variation in the com-
position, structure, and sequence of genetic material (in most
cases, a fraction of it), the fundamentals of which have been
reviewed elsewhere [1, 2]. In Table 1, we present a detailed
comparison of the coverage and performance of different
genotyping methods with historical importance, some of which
are discussed below. The coverage, discriminatory power, and
simplicity of these methods are highly variable and, though some
of them are semi-automated, for many of them the high cost and
length of analysis impair their routine implementation.

Methods with a high discriminatory power such as rep-
PCR and especially the gold standard pulsed-field gel electro-
phoresis (PFGE) have been extremely useful for surveillance
and outbreak management in a broad range of bacterial spe-
cies [23, 24, 48, 49]. More recently, multilocus sequence typ-
ing (MLST) provided a standardized protocol and nomencla-
ture that was fundamental to document large-scale dissemina-
tion events of particular bacterial clones [50-52], and also
foodborne transmission of multidrug-resistant bacterial path-
ogens [53-55]. However, many MLST schemes currently in
use (in some cases more than one per species) have a subop-
timal discriminatory power and are not able to distinguish
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particular bacterial lineages [56—59]. Although these methods
revolutionized our understanding on the population structure
of main (but not all) bacterial pathogens, they had neglected
the phenotypic variation of certain genetic changes, and espe-
cially genotypic or phenotypic features related with key mac-
romolecules at the cell surface. The assessment of the genetic
variation using WGS provides increased genetic information,
and efforts are being made to reach a universal approach for
real-time strain typing applications [3, 43, 60]. Also, they
allowed an increased knowledge on the genetic variation of
surface polysaccharides biosynthetic locus and the develop-
ment of in silico serotyping tools, but these are available only
for a small number of bacterial species [8, 11, 61, 62]. Besides,
the phenotype prediction based on genetic data is not always
straightforward and there is a gap between genetically or se-
rologically defined serotypes [20, 61].

Beyond DNA-based approaches, matrix-assisted laser de-
sorption ionization time of flight mass spectrometry (MALDI-
TOF MS) has very recently shown promising results for typ-
ing of certain bacterial groups within Gram-positive and
Gram-negative bacteria [44, 63, 64]. The low cost and time
of analysis and the simplicity of the experimental procedure,
together with the availability of instruments in many microbi-
ology laboratories, makes it an attractive option for routine
strain typing (Table 1). However, inconsistencies between
adopted experimental or data analysis protocols hindered to
achieve the desired level of reproducibility, standardization,
and portability for clinical microbiology routine laboratories,
and validation of target discriminatory biomarkers is still in-
cipient [44, 65]. Considering that MALDI-TOF MS is based
on the identification of the molecular masses of many peptides
and small proteins (most of which are ribosomal), it is possible
that the proteins analyzed might not be reliable evolutionary
markers for strain typing at least for some bacterial species
[66-68].

Vibrational spectroscopy methods such as infrared (IR)
and Raman spectroscopy provide a very attractive perfor-
mance due to their high-throughput, speed, low cost, and
simplicity, though they are less popular bacterial typing
methods (Table 1) [69, 70]. They are complementary phe-
notypic techniques (based on absorption or scattering of
the light, respectively) providing biochemical fingerprints
of the bacterial cells. Essential developments in instru-
mentation, experimental procedures, and data analysis oc-
curring during the 1990s boosted a number of publica-
tions on Fourier transform infrared (FT-IR) spectroscopy
technique for bacterial discrimination (Fig. 1) [71, 72]. In
fact, the discriminatory power obtained is comparable to
that of gold standard genotyping methods including WGS,
rendering it very attractive properties for routine strain
typing (Table 1, further details in the next section).
Raman spectroscopy and especially its derivatives such
as surface-enhanced Raman scattering (SERS) for

improvement of signal intensity, resonance-Raman, or
micro-Raman have been considered useful even for detec-
tion of outbreaks, but they seem to present comparatively
lower sensitivity, reproducibility, and discriminatory pow-
er at a higher cost, and the basis for bacterial discrimina-
tion are poorly understood [71, 73—77]. The lack of con-
sistent databases and protocols for vibrational spectrosco-
py techniques and the development of the genotypic
methods at the beginning of the 2000s motivated their
growing abandonment (Fig. 1).

In the next section, we will discuss the current state-of-the-
art regarding the potential application of FT-IR for bacterial
typing. Our aim is to provide a comprehensive interpretation
of existing data in the light of the most recent knowledge on
population structure and surface structures for different bacte-
rial species, and contribute to definitively give this methodol-
ogy credit to be widely accepted by microbiologists as an
alternative bacterial typing tool.

Fourier-transform infrared spectroscopy
for bacterial typing: a historical perspective

FT-IR spectroscopy is a phenotypic method traditionally used
in chemistry to determine the molecular composition of a wide
range of sample types. It is a rapid, non-destructive, simple,
inexpensive, and high-throughput analytical tool, based on the
differential vibrational modes of distinct chemical bonds when
exposed to an infrared beam [78]. The first experiments of IR
spectroscopy and microorganisms date back to the 1950s [79,
80] but it was during the 1990s that Naumann and collabora-
tors established the principles of the technique for microbio-
logical applications, setting up the experimental conditions for
sample preparation and data analysis [72, 81]. It was possible
after the development of modern interferometers and Fourier
transform techniques (improved time of analysis, reproduc-
ibility, and sensitivity) along with potent hardware and soft-
ware analysis tools. These and many subsequent studies have
paved the way the utilization of this methodology for discrim-
ination, classification, and identification of bacteria at differ-
ent taxonomic levels (genera, species, serotype/serogroup, or
even at the strain level), a topic that has been subject of dif-
ferent review papers in the past 10 years [45, 46, 71, 82—-84].
All of them agree in recognizing the potential of the method-
ology as a quick, inexpensive, and high-throughput tool for
bacterial typing. However, the molecular basis for that dis-
crimination has been poorly understood till very recently,
when it was substantiated with variation on surface bacterial
structures in different bacterial species [85-89]. Throughout
the years, associations between phenotypic (FT-IR) and geno-
typic features were established blindly with a high diversity of
genotyping methods with variable DNA targets and resolution
[87, 88, 90-93]. But considering (i) that many of these
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methods do not correlate genomic evolution with the pheno-
typic behavior or key surface cell structures and (ii) the limi-
tations of the sample in many studies, it is possible that some
of the associations established might result from pure coinci-
dences or, conversely, it is not surprising the lack of correla-
tion occasionally observed.

Besides bacterial typing, FT-IR has also been used for other
purposes such as to evaluate stress response, the physiological
state (viable, non-viable), host-pathogen interactions, to detect
dipicolinic acid in bacterial endospores (e.g., Bacillus), or the
accumulation of polymeric storage like polyhydroxyalkanoates
(e.g., PHB) under different nutritional conditions amongst other
biological processes; some of these applications have been
reviewed elsewhere [94—-101].

Fundamentals of the technique

The principle of the technique is that the absorption of the
infrared (IR) radiation by a given sample type (bacterial cells
in this case) causes excitation and vibration of the different
chemical compounds of the cell. Different functional groups
absorb radiation at different wavenumber ranges and thus orig-
inate characteristic spectral peaks. Thus, an IR spectrum of a
bacterial cell provides a specific fingerprint that reflects its com-
position in nucleic acids, proteins, lipids, and carbohydrates,
and thus each microorganism has highly specific infrared ab-
sorption signatures, correlated with genetic information (Fig. 2)
[46, 72]. IR spectra from intact bacterial cells are complex and
peaks represent a superposition of contributions from all its
biomolecules. The tentative assignment of IR absorption bands
to each of these main building blocks can be performed using
established correlations between band frequencies (peak posi-
tions cm !, peak intensities, and peak width) and known bio-
chemical structures (functional groups) of the most important
biological organic macromolecules [102]. These correlations
can be found in a number of publications [71, 94, 103], but
the absence of specific information on discriminatory bio-
markers is a well-recognized limitation of the method [46].
The wavenumbers commonly used for acquisition of bacterial
FT-IR spectra (and also for other FT-IR applications) is the 4000—
400 cm™' region that corresponds to the mid-infrared region of
the electromagnetic spectrum. The classical studies of Naumann
and collaborators [81] determined five spectral windows corre-
sponding to the absorption expressed in wavenumbers (cm ') of
(i) lipids (window 1, 30002800 cm ' dominated by vibrations
of functional groups usually present in fatty acids); (ii) proteins
and peptides (window 2, 1800-1500 cm™', dominated by vibra-
tions of amide I and amide II bands); (iii) a mixed region (win-
dow 3, 1500-1200 cm "', with information of proteins, fatty
acids, and phosphate-carrying compounds); (iv)
polysaccharides (window 4, 1200-900 cm ™', dominated by ab-
sorption bands of the carbohydrates present within the cell wall);
and (v) a fingerprint region (window 5, 900-700 cm ', showing
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some remarkably specific spectral patterns, not yet assigned to
cellular components or functional groups) (Fig. 2). Windows 3
and 4 are consistently the most discriminatory and powerful for
bacterial identification [81, 88, 104, 105].

The experimental conditions to use FT-IR to analyze bio-
logical samples have been described in detail by Baker et al.
[106], being essential steps sample preparation, spectra acqui-
sition, and data analysis. Sample preparation is minimal (a
pure bacterial colony or suspension) and non-destructive. It
has been assumed that variations in culturing conditions (es-
pecially the culture media and the incubation time) can greatly
affect reproducibility between spectra, at least when the whole
spectra is considered [107]. However, preliminary data from
our group support previous observations [108, 109] that small
variations in the incubation time (+4 h) and growth in differ-
ent non-selective culture media are not detrimental to repro-
ducibility, when evaluated against spectra databases obtained
in similar conditions (data not shown). One plausible expla-
nation for this is that the discriminatory region used for bac-
terial typing (1200-900 cm™' dominated by polysaccharides)
is less affected by changes in culturing conditions.

The most common spectra acquisition modes for bacterial
characterization are transmittance, diffuse reflectance, and
attenuated total reflectance (ATR) (~ 1 min per spectra), that will
be discussed briefly. The transmission mode consists on the
application of a bacterial suspension to water-insoluble optical
plates (frequently from ZnSe), that is dried at 50-60 °C or under
vacuum before measurement. It results in an increased
signal-to-noise ratio but the increased time of sample preparation
and the spectra variability due to differences in sample amount
or thickness are commonly recognized disadvantages.
The diffuse reflectance mode is used to analyze low amounts
of solid, powder, or freeze-dried samples, and because of its
higher cost, it has been barely applied to bacterial cells [110].
In the ATR mode, the sample (one colony or a small fraction
of a bacterial suspension) is placed directly on an optically dense
crystal, the IR beam creates an evanescent wave, and the
reflected radiation is detected by the detector. The greater
simplicity (little or no sample preparation) and the lower cost
of analysis together with the best reproducibility possible makes
it a very attractive option for bacterial typing. The low sample
throughput (one sample per measurement) is however an
important caveat, possibly circumvented by the development of
an ATR-accessory for multiple sample analysis
(https://irubis.com/products/) [111]. Excellent technical reviews
provide further details on experimental conditions, instruments
and technical specifications, and data analysis tools [46, 83, 112].

Data analysis comprises pre-treatment of spectra (to correct
variation related with spectra acquisition) and further comparison
by multivariate data analysis tools (to interpret complex chemical
data). Unsupervised or supervised methods are used to generate
models that can be used for classification and/or identification of
bacterial isolates [45, 103, 113]. Isolates relationships’ are
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Fig. 2 Typical bacterial FT-IR spectrum showing the spectral windows
and main band assignments. The spectrum is from a Klebsiella
pneumoniae isolate acquired using a Perkin Elmer Spectrum BX FT-IR
System spectrophotometer in the ATR mode with a PIKE Technologies

established according to the similarity between spectra using
pattern recognition techniques for classification of groups of re-
lated isolates that might not necessarily rely on existing spectral
databases. On the other hand, identification of unknown isolates
depends on the comparison of spectra with those from a reference
database, in a manner similar to that used for MALDI-TOF MS-
based microbial identification. Methods based on machine learn-
ing techniques such as partial least squares discriminant analysis
(PLSDA) or artificial neural networks (ANN) are known to be
powerful to extract specific spectral signatures [45, 85, 88], but
they have only been tested and validated on specific and limited
collections of isolates and require skills of specialized personnel.
Only one commercial database created for bacterial species iden-
tification is known (Bruker Optik), and most studies have relied
on in-house databases (libraries of spectra from well-
characterized isolates) that have been used essentially for identi-
fication at the genera or species level [103, 108, 114-117].

Expanding the current perspective
of bacterial typing at the infra-species level
by FT-IR

We searched PubMed-indexed records in MEDLINE for studies
including the typing of bacterial species by FT-IR using the med-
ical subject heading (MeSH) terms “Spectroscopy, Fourier
Transform Infrared” or “Spectrophotometry, Infrared” including

Gladi ATR accessory from 4000 to 600 cmﬁl, a resolution of 4 cm™! and
32 scan co-additions. v, stretching vibrations, § bending vibrations, s
symmetric vibrations, as asymmetric vibrations

their related subheadings (instrumentation, methods, economics)
and “Bacterial Typing Techniques” or “Bacterial typing.” We
identified 110 entries, which resulted in 59 publications that doc-
umented bacterial typing studies at the infra-species level by FT-
IR. It should be highlighted that though designed with the pur-
pose of bacterial subtyping, some studies lack robustness (limited
sample with low representativeness, lack of reproducibility, and/
or comparison with reference typing methods) and hence do not
support appropriately FT-IR-based assignments with bacterial
groups with biological significance. For these reasons, these stud-
ies were excluded or just briefly mentioned. Additionally, studies
such as those evaluating different bacterial stress responses (e.g.,
resistance to heat, biocides, etc.) or of specific cellular compo-
nents (e.g., production of spores, identification of pigments) were
excluded. Additional search outside MEDLINE retrieved ten
additional entries corresponding to manuscripts with MeSH
terms that are still not available or had different designations
besides “bacterial typing” such as “discriminant analysis,”
“DNA fingerprinting,” “cluster analysis,” “microbiological
techniques,” and “serotyping.” Only full-text articles with an
English abstract were included (use of language filter). In total,
69 publications were included and will be discussed in detail in
light of current literature. We pretend to compile and correlate
main aspects from spectroscopic, biochemical, and microbiolog-
ical perspectives in order to expand our knowledge on the fun-
damentals of the discriminatory potential of FT-IR for typing
different bacterial species at the infraspecies level.

EEINT3
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Gram-negative bacteria

The potential of FT-IR to differentiate and identify particular
groups of strains within Gram-negative species has been ex-
plored particularly for E. coli, S. enterica, and Acinetobacter
baumannii in the contexts of clinical or food microbiology.
Most of the studies used transmission FT-IR, diverse sampling
conditions (e.g., culture media), and much more variable data
analysis workflows. It is worth noting that correlations with
surface structures have been established by different re-
searchers, but only recently these correlations were adequately
supported by phenotypic (variations on the composition and
structure of surface antigens) and genotypic (well-defined
lineages) bacterial features, providing robustness to the FT-
IR based assignments. Studies performed to differentiate
serogroups, serotypes, and/or strains within different Gram-
negative bacteria are summarized and discussed below.

Escherichia coli The gold standard for E. coli serotyping is
based on the characterization of highly diverse O-
polysaccharide (n = 186) and H-flagellar (n = 53) surface an-
tigens, though the K (capsular) antigen is also usually present.
Molecular serotyping methods are increasingly used [7] and
molecular epidemiology studies suggest very close associa-
tions of particular serotypes and clinically relevant clones
(e.g., ST131-0O25b:H4, ST393-015:H1) [118].

The ability of FT-IR to differentiate E. coli at the subspecies
level is documented even in the classical studies by Helm et al.
[81]. In these very first attempts, E. coli isolates were grouped
according to their O-antigenic structures, and it was more
recently demonstrated that FT-IR could be useful to distin-
guish certain genetically identical O-antigen subtypes [119],
both of them considering a region dominated by polysaccha-
rides (1200-900 cm™"). Different research groups have also
independently optimized FT-IR for detection and quantifica-
tion of E. coli O157:H7 in different food matrices (ground
beef, apple juice). Also, differentiation of this serotype from
other closely related serotypes or other non-pathogenic E. coli
strains [120—122], or even to discriminate diverse O157:H7
strains in concordance with MLVA typing results [123], which
is of high interest for food quality control. The spectral region
considered for analysis ranged from 1800-900 cm ™', 1700—
750 cm_l, or only 1200-900 cm ! and included different non-
supervised [hierarchical clustering analysis (HCA) and prin-
cipal component analysis (PCA)] and supervised [canonical
variates analysis (CVA) and soft independent modeling of
class analogies (SIMCA)] methods.

Subsequent studies pointed out strain-specific phenotypic
variation [108, 124] but in these cases, only a very small
number of isolates was analyzed (n =2-10) and results were
not compared with reference typing methods. More recently,
studies performed by us and another research group demon-
strated a very good reliability on the differentiation of eight
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typical uropathogenic E. coli clones using representative
(though uneven) collections and distinct experimental
workflows (sample preparation, acquisition modes) and
methods for data analysis. FT-IR-based assignments were
compared with those obtained by MLST and high prediction
rates (91-100%) were obtained for the worldwide spread se-
quence type (ST)131 [104, 125, 126], suggesting a highly
congruent phenotypic profile for the isolates tested, and also
that FT-IR is a good alternative diagnostic tool for this clone.
On the other hand, varying accuracy was reported for other E.
coli clones, i.e., from 30 to 91% in the study by Dawson et al.
[125] or 100% in the study by Sousa et al. [104], which might
be explained by the different spectral regions analyzed (from
4000 to 700 cm ™" or 1500 to 900 cm ™', respectively) and/or
the different data analysis workflows used: (i) discriminant
function analysis (DFA) and PLSDA or (ii) PLSDA/
SIMCA. Alternatively, it could be explained by differences
on the natural diversity of the collections used (e.g.,
intraclonal variation) characterized by MLST. In fact, recent
WGS data uncovered a suboptimal discriminatory power of
MLST and a wide diversity of genotypic and phenotypic traits
(including at the O and K antigens locus) among isolates be-
longing to the same ST, including ST131 [8, 127-129].
Whereas all ST131 isolates included in the study by Sousa
et al. [104] belonged to the O25b serogroup (data not shown);
this information is missing in the study by Dawson et al. [125]
and was not taken into account in both studies. It is however of
remark that subsequent studies performed by our group
showed that different ST131 subtypes defined by partial or
whole genome typing methods can be distinguished by FT-
IR, and that there is a correlation with variation on surface
antigens (Novais et al. unpublished data). These data stress
the need to provide significance to the bacterial groups’ as-
signments obtained by FT-IR by a comprehensive correlation
of genotypic and phenotypic data on well-characterized col-
lections of E. coli isolates.

Finally, several studies attempted to differentiate the sus-
ceptibility status (susceptible or resistant) of E. coli to different
antibiotics, most of them using the ATR mode and ANN
models. However, considering the diverse antibiotic resistance
mechanisms for each antibiotic and the absence of correlation
with strain typing methods, it remains to be elucidated if the
declared discrimination potential is related to the expression of
antibiotic resistance traits or strain variation [98, 130-132].

Salmonella enterica Serotyping is still recognized as the very
first approach to discriminate S. enterica isolates, based on
agglutination reactions with specific antisera targeting the so-
matic (O) and the flagellar (H) antigens [14]. Currently, more
than 2500 serotypes have been described, though only a few
(essentially those from serogroups B, C, D, E) are linked to the
majority of foodborne or nosocomial infections in industrial-
ized countries [133, 134]. Phage typing is also widely used,
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where phage specificity depends on molecular traits of the
bacteriophage and receptors of the bacterial cell, especially
variations at the O-polysaccharide [135].

The differentiation of S. enterica serogroups, serotypes,
and phage types by FT-IR has been repeatedly tested by
different research groups, experiments that contributed to
establish the discriminatory potential and to evaluate dif-
ferent experimental conditions, but that were not always
considered successful [136, 137]. All of them consistently
indicate the polysaccharide region (1200-900 cm '), or
even specific peaks (within 1000-700 cm ™) as major con-
tributors for differentiation, whereas no differences were
observed in outer membrane proteins (OMP) extracts, as
expected [137]. Most studies have been dedicated to assess
the discrimination between S. enferica serotypes, using on-
ly one representative isolate of a low number of serotypes
(n=4-6) from serogroups B, C, D, and/or E [96,
138-141]. Even with limitations in sample (size and rep-
resentativeness), these studies reported discriminatory
spectra and high rates of correct predictions (100%), par-
ticularly when using LPS extracts that performed better
than the whole cell [138, 140]. These results were repro-
ducible in either non-selective (plate count agar, tryptic soy
broth) or selective and differential (xylose lysine
deoxycholate agar, Miller Mallinson agar) culture media,
in different biological replicates, using different equipment
(transmission, ATR, or microspetroscopy) and multivariate
data analysis workflows (CVA or SIMCA) [139-141]. It is
of remark that in some of these studies, sample preparation
requires several steps of suspension, centrifugation, and
washing of bacterial cells, increasing the complexity and
time of analysis with no clear improvement on the discrim-
inatory results. A more representative collection of isolates
was analyzed by Preisner et al. [142] (n = 87 isolates from
26 different serotypes). In this study, successful discrimi-
nation was obtained and validated for serogroups B, ClI,
C2-C3, and D1, and specific peaks were suggested as char-
acteristic of serogroups B (976 cm 1), C1/C2/C3
(968 cm 1), and D1 (986 cm ') and, in a subsequent mod-
el, C1 from C2/C3 (1010-940 cm ™' and 1180-1140 cm™
regions). In turn, discrimination of serotypes within each
of the serogroups was only liminarly possible.

The involvement of O-polysaccharide structures has been
suggested in some of the aforementioned studies, but the cor-
relation of the discriminatory results with available data on O-
unit structures has only been analyzed in a recent paper from
our group. In the study performed by Campos et al., a wide and
well-representative collection was tested (n = 325 isolates from
15 serogroups and 57 serotypes) and FT-IR-based typing was
validated for particular serogroups (B, C, D, E) and serotypes
(S. Rissen, S. Enteritidis and S. Senftenberg) using a simple
whole cell approach, and for the first time supported by
molecular-based knowledge [88]. FT-IR-based phage

differentiation among S. enterica serovar Enteritidis has also
been tested with apparently good results but very few phage
types were evaluated hindering to extract robust conclusions
[143, 144].

Klebsiella pneumoniae Serotyping is still useful for epidemi-
ological purposes and is currently performed by genotypic
methods or in silico analysis of whole genome sequences,
whereas classical serotyping is mainly restricted to reference
centers [4, 10]. In any case, it is based on the characterization
of K- and O-antigens (H-antigen is absent), having been ini-
tially recognized 77 K-types and 8 O-types for K. pneumoniae
[145]. Considering the low variability of O antigens (O1, O2,
and O3 being the most prevalent), K-typing is more generally
used and genomics studies recently suggested a higher capsu-
lar diversity that has been barely correlated with phenotypic
data and available sera [61]. Much less is known regarding
capsular variation in other Klebsiella species.

Using a well-characterized collection of K. pneumoniae
clones exhibiting variable capsular types, we tested FT-IR dif-
ferentiation using the whole cell and the ATR mode. A two-step
PLSDA model revealed a high accuracy (ca. 95% of correct
predictions, using the carbohydrates vibration region 1200—
900 cm ') in discriminating all 21 K. pneumoniae K-types
tested, which was substantiated by differences on the composi-
tion and structures of K-types [87]. The differentiation obtained
is higher than that obtained by MLST, and allows discriminat-
ing main lineages carrying specific capsular types (e.g., ST15-
K24, ST147-K64, or ST258-KL106) that are of high clinical
relevance in the context of clinical infections and antibiotic
resistance (Rodrigues et al., unpublished results). These in-
house models are being applied in real-time clinical contexts
to identify outbreak isolates reliably and quickly (in less than
36 h including an overnight incubation step). These results
highlight the suitability of this methodology as an alternative
cost-effective typing method for identification of clinically rel-
evant MDR K. pneumoniae strains, at least in short-term epi-
demiological contexts [117]. A very recent study evaluated FT-
IR discriminatory ability of 68 Klebsiella sp. isolates using the
commercially available IR Biotyper (Bruker Daltonics) and a
semi-automated analysis workflow [146]. The authors correlat-
ed the clustering of FT-IR spectra and that obtained by single-
nucleotide polymorphisms (SNP)-based comparison of whole
genome sequences, but no information about surface antigens is
provided that would support both correct and incorrect FT-IR-
based assignments, especially considering the diversity of the
collection analyzed [146].

Klebsiella oxytoca Only one study was found in the literature
using FT-IR to assess the relationship between 10 K. oxyfoca
strains from contaminated liquid hand soap [92]. FT-IR spec-
tra were acquired in the transmission mode and analyzed with

the HCA algorithm (using spectral windows 900750 cm ',
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1200-900 cm ™", 1500-1300 cm™', and 3000-2800 cm™").
Isolates were grouped in a unique homogenous cluster and
the authors report a good correlation with the genotypic
methods used (MLST, PFGE, and SNP-based typing from
WGS data). Thus, the methodology allowed to establish a
common origin for the epidemiologically related isolates,
and it remains to be elucidated the discriminatory potential
in a wide population of K. oxyfoca isolates.

Acinetobacter baumannii Despite several attempts to devel-
op a serotyping scheme for A. baumannii strains, the task was
only successful in the late 1990s (34 serovars were defined),
and the contemporaneous development of genotyping
methods led to the abandonment of this typing method
[147]. More recently, with the boost of WGS, the interest in
the ¢ps locus of A. baumannii strains was revived and a deeper
knowledge of the structures involved and surface composition
is available [148].

The suitability of FT-IR to differentiate A. baumannii at the
clonal level was firstly described in 1995 by Seltmann et al.
[149]. In this work, clinical A. baumannii strains involved in
different nosocomial outbreaks and also sporadic isolates were
typed by different reference phenotypic (biotyping, antibiotic
susceptibility testing) and genotypic (PFGE, plasmid typing)
methods at that time, and the results were compared with those
obtained by FT-IR. FT-IR was used in the transmission mode
and three spectral regions (3000-2800 cm™ ', 1500—
1200 cm !, and 1200-900 cm™ ') were considered for cluster
analysis using Ward’s algorithm. Isolates were grouped in six
clusters comprising outbreak isolates but also some sporadic
strains and no correlation was established with any of the other
typing methods used or even with epidemiological data [149].

Twenty years later, Sousa et al. described the ability of FT-IR
to type this species at the clonal level and to correlate the results
with those obtained by MLST [105, 150]. The two different
works were performed in different FT-IR devices and using
different acquisition modes (transmission and ATR), but the
region analyzed (1500-900 cm ') and the mathematical analy-
sis (HCA and PLSDA) were identical and yielded identical
results. Three (ST98, ST103, ST208) and four (plus ST218)
clones were discriminated with >99% of accuracy [105, 150],
clones that are frequently involved in nosocomial outbreaks and
multidrug resistant profiles worldwide. In both studies, the abil-
ity of FT-IR to differentiate between the different clones relied
on two pronounced spectral regions (14001350 cm ' and
1200-950 cm ™), although difficulties were perceptible in the
discrimination of ST98 from ST103 [105, 150]. These two STs
share the same ¢ps locus. In fact, in a recent work performed by
our group (Silva et al. unpublished results), the ability of FT-IR
to discriminate A. baumannii clones was correlated with differ-
ences in surface capsular composition, depicting specific asso-
ciations between capsular types and high-risk clones over large
periods of time.
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Other Gram-negative species

Legionella pneumophila Horbach, Naumann, and
Fehrenbach were in 1988 pioneer in the use of a spectroscopic
procedure for strain differentiation of L. pneumophila isolates
obtained from different patients [151]. First, the authors iden-
tified the best discriminative spectral region (1200-900 cm ™)
using two reference strains belonging to serogroups 1 and 4.
They subsequently used the same polysaccharide region to
differentiate between L. pneumophila isolates from the same
or different patients and results were compared with other
reference strains from known serogroups. They estimated
the serogroup of each isolate using the low “differentiation
indices” values, but conclusions are limited given the lack of
serotyping or alternative typing methods for comparison. The
authors were also able to identify additional regions with po-
tential for discrimination between isolates of the same patient
(1400-1200 cm " and 1800-1500 cm '), though their signif-
icance was not explored. Soon after, Helm et al. demonstrated
the grouping of L. pneumophila (n = 15) according to the pro-
duction of poly-B-hydroxy fatty acids that are particularly
evidenced in the 1200-900 cm ' spectral region, though this
association could not be clearly demonstrated [81].

Yersinia enterocolitica Y. enterocolitica can be grouped into
various biotypes (by biochemical tests) and different serotypes
(by immunological tests). Two studies using the same
workflow (ANN) and including samples with diverse back-
grounds (179 pets from different EU countries versus 123
human and foodborne animals from Switzerland) were able
to differentiate isolates from main Y. enterocolitica biotypes
(1A, 2, 3, 4, 5) and serotypes (O:3, O:5, O:9, and “non-O:3,
0:5,and 0:97) [152, 153]. Kuhm et al. [152] achieved correct
predictions of 98.3% and 92.5% for biotypes and serotypes,
respectively, and used the wave number range of 1800—
500 cm ', Stamm et al. [153] considered the spectral ranges
of 1400-500 cm™ ! and 3000-2800 cm™ ", but the exact contri-
bution of the different zones remains to be clarified. In both
studies, the authors were able to identify one relevant patho-
genicity marker, the ail gene codifying for an outer membrane
protein that promotes attachment and invasion, in all Y.
enterocolitica biotypes but 1A with similar rates of correct
predictions (98.5%), though they did not discuss about testing
variable spectral regions or the region related to the identifi-
cation of ail. Furthermore, negative ail isolates were all of
biotype 1A (usually less pathogenic), thus the differentiation
between @il and ail isolates could be misinterpreted by the
accurate distinction of pathogenic and non-pathogenic
bioserotypes.

Burkholderia cepacia Coutinho et al. [154] were able to suc-
cessfully differentiate at the ribopattern level isolates from
different species (> 10) from the B. cepacia complex. They
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could discriminate between strains belonging to the same spe-
cies including B. cepacia (n =84, 5 ribopatterns), B.
cenocepacia lineage 1II-A (n =38, 4 ribopatterns), and B.
cenocepacia lineage 111-B (n = 36, 4 ribopatterns) with correct
predictions of 96.1%, 97.9%, and 92.6%, respectively. The
spectral region generating the best discriminatory results was
that of 1500-900 cm™' which is greatly characterized by
polysaccharidic vibrations of C—O—C and C-O (1200-
900 cm ") and asymmetric stretching vibrations of phospho-
lipids (~ 1250 cm ).

Campylobacter spp. Different strains of both Campylobacter
coli and Campylobacter jejuni species were differentiated
within the polysaccharide region (1200-900 cm ™) and results
generally agreed (98.7% correct assignments using a super-
vised method) with those obtained by enterobacterial repeti-
tive intergenic consensus (ERIC)-PCR [155], a highly dis-
criminatory genotyping method, though the robustness or fun-
damentals for these assignments are uncertain.

Xanthomonas oryzae Ge et al. [156] could distinguish be-
tween two pathovars of X. oryzae (X. oryzae pv. oryzae and
X. oryzae pv. oryzicola) using several spectral regions cov-
ering nucleic acids, proteins, phospholipids, and polysac-
charides. They identified specific wave numbers (from
3433 to 951 cm ') associated with different functional
groups [CH3/CH, (a)symmetric stretching, CH3 scissoring
and bending, CH, bending, amide I/II/A, amide II/COO™
stretching, N-O or C-O stretching] as distinctive of the two
pathovars. Even though the analysis was performed with-
out chemometrics, this study revealed a higher ratio of
protein-to-lipid in X. oryzae pv. oryzae strains than that
in X. oryzae pv. oryzicola (calculated in the 2992—
2837 cm ! region).

Gram-positive bacteria

The ability of FT-IR to discriminate Gram-positive species at
the strain level has been greatly explored in species mostly
considered of human or food safety relevance, such as S.
aureus or L. monocytogenes. Most species can produce cap-
sular polysaccharides (in some cases, not all strains within the
same species), that is on the basis of serotyping and apparently
on strain discrimination by FT-IR. Studies performed to dif-
ferentiate serogroups, serotypes, and/or strains within differ-
ent Gram-positive bacteria are analyzed below, some of them
providing a precise correlation with specific surface structures
(particularly on the most frequently studied S. aureus or S.
pneumoniae). Most of them used transmission FT-IR and sim-
ilar sampling conditions (e.g., nutritive culture medium, cell
washing with water or saline) but diverse data analysis
workflows (CVA, HCA, ANN).

Staphylococcus aureus Among the 13 recognized serotypes
in S. aureus, it is known that the great majority of clinically
important S. aureus express serotype 5 (CP5) or serotype 8
(CP8) capsular polysaccharides or non-typeable often
enuncapsulated variants (e.g., serotype 336) [157]. CP5
[6(1,4)-D-ManAcA-a(1,4)-L-FucNAc(30Ac)-3(1,3)-D-
FucNAc] and CP8 [3(1,3)-D-ManAcA(40Ac)-a(1,3)-L-
FucNAc-a (1,3)-D-FucNAc] share the same sugar repeat
units but differ in their glycosidic linkages and acetylation,
and are serologically distinct [158].

A number of studies have explored the potential of FT-IR
to determine the capsular polysaccharide variants of S. aureus
strains according to their variable surface glycostructural com-
position [85, 90, 159, 160]. These studies were able to suc-
cessfully differentiate most clinically relevant S. aureus cap-
sular types (CP5, CP8, and non-typeable variants) following
the workflow described by Grunert et al. [85] and showed a
reliable CPS discrimination through the combination of the
polysaccharide (1200-900 c¢cm ') and fingerprint (900—
800 cm ") regions. Differentiation was associated with peaks
at diverse spectral wavenumbers within the W4 (1110, 1097,
1070, 1058, 1030, and 975 cmﬁl) and W5 (834 and 823 cmﬁl)
regions, the latter putatively corresponding to structural oc-
and (3-glycosidic linkages of S. aureus capsules [85, 90].
Very recently, Grunert et al. [161] demonstrated that whole
cell FT-IR spectroscopy is able to detect changes in S. aureus
wall teichoic acids (WTAs) glycoepitope composition by dis-
criminating between o-/[3-O-N-acetylglucosamine substitu-
tions, known to be important for host cell adhesion and path-
ogenesis. Further studies are still needed to elucidate if FT-IR
is able to accurately differentiate capsular types other than
CP5 and CPS.

Attempts to differentiate between S. aureus sub-
populations generally matched those previously recognized
by PFGE, MLST, spa typing, and/or dru typing depending
greatly on the correlation between a given lineage and a given
capsule genotype or surface associated glycostructures [90,
116, 159, 160, 162—164]. The most relevant clones in
hospital-acquired infections (CC5 and CCS8) or livestock and
bovine (CC398 and CC705, respectively) were tested using
the spectral region 1200-800 cm ™' [90]. With a few excep-
tions (CC45 and CC705), the clonal complexes of S. aureus
were hardly differentiated by FT-IR spectroscopy which is
explainable by the fact that the same capsular (cap) locus
can occasionally be associated with different CCs [90, 159].
Amiali and colleagues [163] had shown discriminatory poten-
tial using other spectral regions, but the workflow for spectra
analysis used was also unique [single-value decomposition
algorithm followed by PCA, self-organizing map (SOM),
and k-nearest neighbors (KNN)]. They differentiated commu-
nity (mostly USA300 and USA400) from hospital MRSA
strains in the narrow spectral region of 1361-1236 cm ™' (dif-
ferences in protein amide III and nucleic acid phosphodiester
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contents) and hospital Canadian MRSA strains (5 PFGE
types) in 11801040 cm ' and 2904-2864 cm ™' (polysaccha-
ride and lipids, respectively) [163].

Beyond the clonal assignments by FT-IR, other approaches
included the use of this technique to distinguish between nor-
mal and small colony variants (SCV are linked to persistent/
recurrent infections) of S. aureus on solid and broth media
with prominent differences being observed in the polysaccha-
ride and protein regions [165]. Notably, isolates with different
clonal backgrounds were consistently clustered according to
their normal or SCV status (the latter characterized by a dor-
mant metabolic state). In another study, Amiali et al. [166]
were able to separate vancomycin-intermediate (n =35) from
vancomycin-susceptible (n =25) heterogeneous S. aureus
strains, on the basis of spectral data from regions 1352—-1315
cm ' and 1480-1460 cm ', despite not providing additional
information (e.g., clonal types). Although the mechanism for
intermediate-resistance phenotypes is not perfectly under-
stood, it is presumably associated with increased cell wall
thickness, reduced peptidoglycan cross-linking, altered sur-
face protein profile, and changes in bacterial growth, all of
them metabolic changes that might be detected by FT-IR
[167]. Further studies on wider and comprehensive collections
of S. aureus strains will support the suitability of FT-IR in the
rapid and reliable screening of such worrisome strains in clin-
ical and food contexts.

Streptococcus pneumoniae More than 45 pneumococcal
serogroups (e.g., 9, 23) and 90 capsule types (commonly
termed serotypes; e.g., 9A, 9V, 23A, 23B, 23F) have been
identified among S. pneumoniae based on their reactivity with
reference sera [168]. The genetic loci for capsule synthesis
(cps loci) were sequenced for all known pneumococcal cap-
sule types in 2006, and it is common to use genetic data to
infer capsule serotypes [168—170]. WGS-based comparative
genomics clarified conventional serotyping and revealed that
specific serotypes from different serogroups can be more re-
lated among their ¢ps loci than those within the same
serogroup which can be explained by the fact that serogroups
were defined by common epitopes in the absence of known
CPS structures or ¢ps sequences at that time [169]. This is
something that must be considered when relating genotypic
and capsule phenotypic data obtained by FT-IR.
Pneumococcal capsular repeating units generally have two
to eight saccharide residues, varying in their linkages, and
often have O-acetyl, phosphoglycerol, and pyruvyl acetal sub-
stitutions located at various sites with various substitution
rates [168, 171]. Two studies achieved the discrimination of
serogroups and main serotypes covering much of invasive
pneumococcal disease (2, 3, 6A, 9V, 14, 18C, 23F) [86] versus
those associated with carriage (9F, 9N, 14, 19A, 19F, 23A,
23B, 23F) [172] in the carbohydrate region of 1185—
900 cm . Vaz et al. [172] attributed the discrimination of
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serogroups to specific vibrations in nucleic acids (P=0
stretching) and other spectral differences to the differentiation
of some serotypes. These included 9N and 9V (mainly
1030 cm™"), 19A and 19F (1040-1020 and 990-970 cm ™),
and 23A, 23B, and 23F (1165 and 950 cmﬁl). Remarkably,
these differences can be corroborated by available genomic or
structural CPS data such as (i) serotypes 9N and 9V differ in
the repeat unit (GlcpNAc vs Glcp) and in the presence/
absence of an O-acetyl transferase gene (w¢jD) and an adja-
cent IS element [169]; (ii) serotypes 19A and 19F differ in
their respective polysaccharide polymerase genes (cpsi9al
and cps19f1, respectively), which are predicted to form differ-
ent glycosidic linkages in type 19A (x1 — 3) and type 19F
(x1 — 2)[173]; and (iii) serotype 23A differs from 23F in the
disaccharide backbone and the di-substituted 3-Gal ([3-Rha as
a side chain), whereas the structure of the serotype 23B is the
same as 23F, but without the terminal «-rhamnose [174].

Sahu et al. [86] have also distinguished capsulated and non-
encapsulated S. pneumoniae forms by cluster analysis in the
same polysaccharide region, and subsequently opaque and
transparent forms within the encapsulated strains in both car-
bohydrate and lipids/phospholipids (13501480 cm ') re-
gions. Remarkably, these and other authors [175] have quan-
titatively evaluated the capsular content of S. pneumoniae
phase variants within a given serotype on the basis of their
relative carbohydrate content (opaque variants had a higher
content compared with their transparent counterparts).

Given the possibility of genotypic-phenotypic discrepan-
cies and the genetic similarities of certain serotypes (not all
serogroups can be resolved by genomics), a combined ap-
proach of FT-IR and full sequencing of serogroups and sero-
types determinants in larger and comprehensive collections of
pneumococcus could be helpful to clarify serotyping.

Listeria monocytogenes The serotyping of L. monocytogenes
is based on the combined expression of surface O-somatic and
H-flagellar antigens, with WTAs constituting the major O-
antigen determinants. WTAs are cell wall-anchored anionic
glycopolymers accounting for up to 60% of Listeria cell wall
[176].

The very first attempt to differentiate L. monocytogenes
below the species level dates from 1997 [109]. Since then,
different studies succeeded in the delineation of serogroups
(correct identifications up to 98.8%) and main serotypes of
this species (up to 96.6%), including those greatly associated
with human listeriosis (1/2a and 4b). In all cases, spectra cor-
responding to the different serogroups or serotypes were better
differentiated in the polysaccharide region (1200-900 cm ™)
and the distinction between serotype 4b and serotypes 1/2a or
1/2b was much easier than between the closely related 1/2a
and 1/2b [109, 177-180]. A relationship between serogroups
and WTA structures is well known since 1984 [181], but
available studies on FT-IR and L. monocytogenes evidenced
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that the biochemical composition of WTAs might also con-
tribute to the variations in FT-IR spectra of different serotypes
[180]. Pronounced diversity in WTA structure and antigenic-
ity is conferred by differences in the glycosidic substitution(s)
(rhamnose in serogroupl/2 vs galactose and/or glucose in
serogroup 4) of the ribitol phosphate units (polyribitol phos-
phate with N-acetylglucosamine, Glc-NAc) [182]. Thus, as
each serotype of Listeria should possess a unique WTA struc-
ture, that seems to be corroborated by comparative genomics
data of the biosynthetic pathway operon [183], it is tempting
to project the future optimization of FT-IR toward the detec-
tion of each WTA signature. Much less is known about the
structural basis underlying the H serotype specificity. The fla-
gellin of L. monocytogenes from different serotypes (1/2a,
1/2b, and 4b) displays an identical pattern of glycosylation
with 3-N-acetylglucosamine [184] and it might not influence,
as much as the surface O-somatic antigen, putative FT-IR
serogroup/serotype assignments.

A few approaches have also successfully differentiated be-
tween L. monocytogenes strains in comparison to standard
molecular methods such as amplified fragment length poly-
morphism (AFLP) [185], multilocus genotyping (MLGT)
[180], or multivirulence-locus sequence typing (MvLT)
[186]. In the first study, the polysaccharide and fingerprint
regions of FT-IR spectra showed the highest discriminatory
power, with two bands at 985 and 840 cm ! attributed to
pyranose being the most significant for strain’s discrimination
[185]. Grouping of L. monocytogenes strains according to
haplotypes, as defined by MLGT and PFGE, was achieved
in the “mixed region” comprising the polysaccharide and fin-
gerprint regions (1400—750 cm™ ") with an accuracy of 91.7—
95% [180]. Finally, L. monocytogenes epidemic clones ECIII
(serotype 1/2a) and ECIV (serotype 4b) were discriminated
with 100% accuracy with the most prominent differences be-
ing identified in amide T (1650 cm ') and amide II band of
proteins (at ~ 1650 and 1540 cm™ '), and asymmetric and sym-
metric deformations of methyl and methylene of proteins (at ~
1455 and 1398 cm ') [186]. This result is not surprising con-
sidering that each of these clones belong to different sero-
types. The authors also stated they were also able to differen-
tiate strains within the same epidemic clone
(undistinguishable by MvLT) but the collection only com-
prised two strains from each clone, making conclusions fairly
questionable. A higher number of L. monocytogenes isolates
(n =46) was tested by Wenning et al. (in the regions of 3030—
2800 cm ' and 1800700 cm ") but results were compared
only to random amplified polymorphic DNA [random ampli-
fied polymorphic DNA (RAPD)]-PCR patterns, that the au-
thors considered incongruent [45].

Bacillus cereus B. cereus is only rarely encapsulated. Some
pathogenic B. cereus strains can exhibit capsule that, at least in
one case, seems to be structurally different from that of B.

antrachis (poly-y-D-glutamic acid capsule) by showing a
polysaccharide structure with hyaluronic acid [187]. They
can also have S-layers in their cell walls that seem to be fre-
quent among clinical B. cereus strains. However, the carbohy-
drate components of these surface layers composed of proteins
or glycoproteins subunits are still not well characterized in this
species [188].

A study by Mietke et al. intended to differentiate between
probiotic B. cereus strains and wild-type strains of the B.
cereus group (B. cereus, B. thuringiensis, B. mycoides, and
B. weihenstephanensis) in the spectral wave number 1000—
940 cm™', and also 3000-2800 cm ™', 1200-900 cm ™', and
900-700 cm ' [189]. However, considering that the taxono-
my of closely related species of Bacillus is problematic and
that it has been subjected to a significant restructuration over
recent years, the claimed distinction might be dubious.

Other study was able to cluster emetic-toxin-producing iso-
lates from non-emetic enterotoxin-producing B. cereus strains
(food poisoning and food isolates) by FT-IR in an analogous
way to molecular (RAPD) or phenetic (biochemical assays,
protein profiling) methods [190]. However, the presence of
capsule or other surface structures was not explored in this
study, hindering the extraction of reliable conclusions.

It has been later demonstrated that closely related B. cereus
strains have cell wall glycosyl residues related to the clade or
lineage they belong as defined by MLST [191]. Strains be-
longing to the same lineage also vary from one another in the
amount of various glycosyl residues, which indicate the pres-
ence of strain-specific cell wall carbohydrates [191], so both
content and quantity of glycosyl residues can be on the basis
of IR spectral B. cereus differences, which deserve further
investigation.

Enterococcus faecium The cell wall of E. faecium is
ormamented with a variety of polysaccharides and proteins that
are mostly directly attached to the peptidoglycan by covalent
linkages (polysaccharides, teichoic acids, and surface-
anchored proteins), whereas lipoteichoic acid and lipoproteins
are anchored to membrane lipids by covalent attachment
[192]. The presence of antigenically diverse surface polysac-
charides, including a putative capsule locus and/or variable
epa (enterococcal polysaccharide antigen) loci, has been sug-
gested. Available genomics data showed different E. faecium
clones exhibiting variable polysaccharide clusters that resem-
ble capsule synthetic genes genetically arranged as in S.
pneumoniae capsule loci [193].

Preisner et al. have identified spectral ranges evidencing
relevant chemical information for human clinical E. faecium
strain differentiation according to PFGE (31 isolates belong-
ing to 2 PFGE types) [82]. They were associated with the
spectral region between 1500850 cm ™' but mainly to bands
assigned to P=0 stretching in a selected carbohydrate region
(1110-1060 cm ™). It is however impossible to adequately
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correlate genotypic (PFGE) and phenotypic (FT-IR) data since
PFGE is not adequate for typing strains belonging to the high-
ly recombinant E. faecium species unless strains are obtained
from short-time frames (e.g., outbreaks), and because no ad-
ditional molecular or phenotypic data from the isolates was
provided to support strain differentiation.

Later, Wenning et al. [114] were able to differentiate 5
authorized E. faecium probiotic feed additives between
them and from 15 environmental E. faecium strains with
an accuracy of 97% and 98%, respectively, in the spectral
windows between 1800-700 cm ' and 3000—2800 cm .
Only API and RAPD were used to characterize the E.
faecium isolates with results being less discriminatory
than FT-IR, and hardly comparable. It remains to be elu-
cidated to what extent does FT-IR reliably differentiates a
much larger and comprehensive collection of isolates and
what is the biological significance of the potential FT-IR
based assignments in this bacterial species.

To give further insights, we analyzed a collection of E.
faecium isolates (n = 105) obtained from diverse human, ani-
mal, and environmental sources, and corresponding to differ-
ent well-characterized clonal lineages by FT-IR [194] (Freitas
et al. unpublished). Our in-house workflow (spectra acquisi-
tion in the carbohydrate region of 1200-900 cm ') and mul-
tivariate data analysis (see other aforementioned studies of our
group) showed an apparent high diversity among the cellular
surface composition of this set of isolates (as suggested by
Palmer et al. in [193]). Nevertheless, main clonal lineages
causing hospital epidemics were more homogeneous and dis-
tinguished from all the other isolates, suggesting a common
and specific composition in surface polysaccharides that
needs to be further investigated.

Other Gram-positive species

Besides the species aforementioned, a scarcity of studies has
been dedicated to explore the potential of FT-IR spectroscopy
in the subtyping of strains from the Gram-positive group.

A recent study comparing Streptococcus agalactiae iso-
lates from humans and animals have demonstrated a great
correlation between the infrared spectra using FT-IR and
capsular types [91]. Clustering of Corynebacterium
ulcerans isolates from various sources in the course of an
outbreak was also possible by FT-IR analysis (in the wave
number range of 500-1400 cm ' and 2800-3000 cm ")
and was highly congruent with MLST [115]. A novel
method using nitrocellulose membrane filter and a single
reflection horizontal ATR accessory with FT-IR was devel-
oped to discriminate between Alicyclobacillus strains with
high accuracy in the 30002800 cm ™' and 1800-700 cm
regions, and the greatest contribution to the total variance
in the FT-IR spectral data came from variables between
1500 cm ' and 900 cm™' [195].
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Finally, metabolomic fingerprints of the ten major
spoligotypes of Mycobacterium bovis obtained by FT-IR
showed an excellent agreement with clustering with genetic
markers [196]. In this study, data collected by transmission
FT-IR illustrated better differentiation of the M. bovis isolates
according to spoligotypes than that collected by reflectance
FT-IR.

Conclusions

It is undoubtful the potential of FT-IR methodology to accu-
rately discriminate biologically significant bacterial groups at
a quick, low cost, and high-throughput rate, which constitute
essential features to fulfill current demands on clinical, food,
or environmental microbiological contexts. The link between
FT-IR discrimination and variations in Gram-positive and
Gram-negative sugar-based coating structures with relevant
properties for host interaction has been consistently pointed
out in different studies and microorganisms. However, only
very recently it has been substantiated with a solid demonstra-
tion of key genotypic-phenotypic bacterial features that are
certainly of high relevance for bacterial differentiation but also
to understand the diversity, evolution, and host adaptation
factors of key bacterial pathogens or subpopulations, opening
new avenues on potential applications that can go far beyond
strain typing.

Future perspectives

Despite the accumulated experience on FT-IR applications in
microbiology for the past 30 years, this technique is still con-
sidered exotic and its potential in microbiology routines is
underestimated. First, the generalized acceptance of this meth-
odology by the microbiological community depends on a sol-
id identification of the surface structures accounting for bac-
terial discrimination, as well as the comprehension of their
value for bacterial typing. In the genomics era, this knowledge
must be substantiated with genomic information (provided
namely by WGS) using well-characterized bacterial collec-
tions representing intraspecies variability, a task that will more
certainly be successful with skilled microbiologists. It is how-
ever of remark that the strain-typing ability of FT-IR will be
limited to bacteria that have surface variations that can be
correlated with strain evolution. Second, routine applications
depend on the adaptation of the method for a non-specialist
user. To achieve this, reproducibility between instruments and
laboratories must be guaranteed in large-scale experiments,
throughout a careful standardization of culture conditions,
sample preparation, and spectra acquisition modes to
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minimize spectra variability, allowing the creation of judicious
spectral databases for different bacterial species that could be
shared. Additionally, automation of data analysis is essential
for incorporation in routine microbiology workflows. These
issues were partially resolved by Bruker, that launched in
2016 a FT-IR-based equipment for strain typing
(IRBiotyper®, https://www.bruker.com/applications/
microbiology/strain-typing-with-ir-biotyper/overview.html),
that needs to be adequately validated.

Considering the strain differentiation performance, mini-
mal hands-on-time, high throughput, and cost-effectiveness,
FT-IR could add value to the microbiology laboratory toolbox
(e.g., downstream MALDI-TOF MS). Potential applications
are (i) simple and quick serogroup or capsular typing, depend-
ing on the species; (ii) phenotypic validation of capsular types
predicted by genomics data; (iii) early detection of outbreak
strains in clinical or food contexts, that can be subsequently
substantiated with data from WGS or other genotypic typing
methods as required; (iv) source-tracking of bacterial patho-
gens or contaminants in food safety or food industry, and
improvement of quality control methods; and (v) quick and
low-cost monitorization of epidemiological trends in a given
geographical frame, requiring knowledge on local epidemiol-
ogy. The precise establishment of clone-surface antigens var-
iation for each bacterial species in a given epidemiological
context can further potentiate FT-IR outcome, hence provid-
ing presumptive clone identification.
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