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The use of Fourier transform near-infrared (FT-NIR) spectroscopy and multivariate pattern
recognition techniques for the rapid detection and identification of bacterial contamination in liquids
was evaluated. The complex biochemical composition of bacteria yields FT-NIR vibrational transitions
(overtone and combination bands) that can be used for classification and identification. Bacterial
suspensions (Escherichia coli HB101, E. coli ATCC 43888, E. coli 1224, Bacillus amyloliquifaciens,
Pseudomonas aeruginosa, Bacillus cereus, and Listeria innocua) were filtered to harvest the cells
and eliminate the matrix, which has a strong NIR signal. FT-NIR measurements were done using
a diffuse reflection-integrating sphere. Principal component analysis showed tight clustering of the
bacterial strains at the information-rich spectral region of 6000—4000 cm~?. The method reproducibly
distinguished between different E. coli isolates and conclusively identified the relationship between
a new isolate and one of the test species. This methodology may allow for the rapid assessment of

potential bacterial contamination in liquids with minimal sample preparation.
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INTRODUCTION

Fourier transform infrared (FT-IR) spectra of bacteria
have shown highly specific patterns that may be unique
for individual strains (1—3). FT-IR allows for the chemi-
cally based discrimination of intact microbial cells and
produces complex biochemical fingerprints that are
reproducible and distinct for different bacteria. The
complex FT-IR spectra reflect the total biochemical
composition of the microorganism, with bands due to
major cellular constituents such as lipids, proteins,
nucleic acids, polysaccharides, and phosphate-carrying
compounds. Owing to the multitude of cellular compo-
nents, broad and superimposed spectral bands are
observed within the mid-IR region (4000—600 cm™1) (1).
Application of mathematical filter functions (first or
second derivative) and the selection and combination
of certain spectral windows and weighing factors ac-
counting for specific contributions of cellular compounds
have been used to enhance spectral resolution (2, 3).

FT-IR has been applied for the microbiological clas-
sification and identification of Enterobacteriaceae, Sta-
phylococcus, Aeromonas, Pseudomonas, Streptococcus,
Clostridium, and Legionella strains (2—4), Eubacterium
species (5), Lactobacillus (6), Enterococcus (7), and
Cyanobacteria (8). Although FT-IR techniques have
been used to discriminate between different bacteria
taxa, occasionally down to the strain level, the potential
of FT-near-infrared (FT-NIR) for the characterization
of bacterial strains has not yet been investigated.

The NIR spectra of organic molecules are dominated
by overtone and combination bands of fundamental
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vibrations involving highly anharmonic X—H (mainly
C—H, N—H, and O—H) stretching modes. This tech-
nique provides fast and accurate measurements of
chemical components, can be applied to small amounts
of sample, is nondestructive (9), and gives information
about structural and physical properties of materials
(10, 11). In addition, the NIR bands are 10—100 times
less intense than the corresponding mid-infrared fun-
damental bands. This enables direct analysis of highly
absorbing samples without extensive sample prepara-
tion (12, 13). The use of Fourier transform technology
in the NIR region has increased spectral reproducibility
and wavenumber precision in comparison to results
from dispersion instruments (14). The NIR region
contains bands that often overlap, making it difficult
to extract spectral parameters of the individual bands
(15). Advances in chemometrics have provided a way of
overcoming these problems by developing empirical
models that relate the multiple spectral intensities from
many calibration samples to the known analytes in
these samples (16). Chemometric methods such as
principal component analysis (PCA) and soft indepen-
dent modeling by class analogy (SIMCA) have been
extensively applied to the analysis of infrared spectra
in a variety of areas within the fields of medicine,
biology, forensic, and agricultural and food sciences (7).
PCA is a well-known technique for the extraction and
interpretation of systematic variance in multidimen-
sional data sets by means of a small number of orthogo-
nal variables (17, 28). The concept is to remove the
random variation (noise) and retain the principal com-
ponents that capture the relevant variation. This analy-
sis reveals if there are natural clusterings in the data
and if there are outlier samples. It may also be possible
to ascribe chemical (or biological or physical) meaning
to the data patterns that emerge from PCA and to
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estimate what portion of the measurement space is
noise. PCA may be used in exploratory analysis to get
graphical representations of similarities/differences in
observations from multivariate data sets, including NIR
spectral data.

The objectives of this study were to evaluate the
feasibility of FT-NIR applications in microbiology and
to develop methodology for the rapid identification of
bacterial strains by combining FT-NIR spectroscopy
with multivariate statistical methods.

MATERIALS AND METHODS

Strains and Growth Conditions. The following collection
of bacterial strains was examined: Escherichia coli HB101,
nonvirulent strain of Escherichia coli ATCC 43888, Escherichia
coli 1224 (a nonpathogenic, wild-type food isolate), Pseudomo-
nas aeruginosa, Bacillus amyloliquifaciens, Bacillus cereus,
and Listeria innocua. Also included was a strain the identity
of which was not revealed to the investigators until after the
FT-NIR analyses were completed. The laboratory practices for
handling the bacterial strains were conducted at the Biosafety
Level 2 (18). Strains were grown aerobically overnight in 50
mL of brain heart infusion (BHI) broth at 37 °C with shaking
at 110 rpm except for the L. innocua, which was not shaken.
The optical density of 1:10 dilution of the bacterial suspensions
in BHI broth was determined to estimate the cell numbers of
these stationary phase cultures. The optical density was
measured, and on the basis of empirical calculations, an
aliquot of the cell suspension (containing a ~10 mg pellet) was
transferred to microfuge tubes. The aliquot volume depended
on the level of bacterial growth and usually was between 0.4
and 1.0 mL except for Listeria, which required ~4 mL. From
each bacterial culture, four to five tubes were prepared to
evaluate same-day reproducibility. For each set, the samples
were filtered and dried within 30—34 h after inoculation. The
reproducibility of cultures grown on different days was also
examined. The tubes were centrifuged at 20000 rpm for 2 min,
the supernatant was removed, and the resultant wet pellet
was weighed and resuspended in 50 uL of sterile saline (0.9%
NaCl) solution. The suspension was applied to a 0.2 um pore
size Anodisc membrane made of aluminum oxide (Whatman,
Inc., Clifton, NJ) or a glass microfiber GF/C filter (Whatman,
Inc.) to harvest the bacterial cells and eliminate the saline
solution. Bacteria were analyzed directly by placing the
membranes on the FT-NIR sapphire crystal. Spectral repro-
ducibility was evaluated on replicated cultures.

Cell enumeration was done by the standard plate count
(SPC) method. Ten milligrams of the wet bacterial pellet was
resuspended in 1 mL of 0.9% NaCl solution, and serial
dilutions were prepared. Aliquots (0.1 mL) of the 105-108
dilutions were plated (in duplicate) on BHI agar plates, and
colonies were counted after the plates had been incubated at
35 °C for 24 h.

FT-NIR Measurements. All FT-NIR spectra were recorded
using a Perkin-Elmer Spectrum Identicheck system operating
at 8 cm™* resolution. Measurements were made on filters (glass
microfiber or Anodisc), by using the diffuse reflectance inte-
grating sphere, equipped with a PbS detector. The filtration
membrane, containing a dried film, was placed on the reflec-
tance accessory for direct measurement by transflection using
an aluminum diffuse reflector (Perkin-Elmer, Norwalk, CT).
The reflector contained integral spacers that allow two passes
of the beam through the sample to provide a total path length
of 0.5 mm. The absorbance spectrum was obtained by ratioing
the single-beam spectrum against that of the background, filter
membrane. The FT-NIR spectra were recorded from 10000 to
4000 cm™? at intervals of 4 cm™. Interferograms (128) were
co-added followed by strong Beer—Norton apodization. The
total number of data points was 1501 for each spectrum.

Multivariate Analyses. PCA was carried out by Pirouette
pattern recognition software (version 2.51 for Windows NT,
InfoMetrix, Inc., Woodinville, WA). The spectra were imported
as JCAMP-DX files into the multivariate statistical program
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Figure 1. FT-NIR diffuse reflectance spectra (A) and second-
derivative spectra (B) (21-point gap) of different bacterial
strains: 1, L. innocua; 2, E. coli HB101; 3, E. coli ATCC 43888;
4, E. coli 1224; 5, P. aeruginosa; 6, B. cereus. Measurements
were made on Anodisc membranes containing the bacterial
films.
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Figure 2. FT-NIR diffuse reflectance absorption spectra of
E. coli HB101: (A) raw spectrum; (B) second-dervative (21-
point gap) spectrum.

Pirouette 2.51, running on an IBM-compatible computer. The
FT-NIR spectral data were mean-centered, area-normalized,
and transformed to its second derivative based on a Savitzky—
Golay polynomial filter. PCA was performed using the Non-
linear Iterative Partial Least Squares (NIPALS) algorithm.
Outlier diagnostics were done by sample residual and Mahal-
anobis distance.

RESULTS AND DISCUSSION

FT-NIR Spectra of Bacterial Strains. Figure 1
shows the characteristic absorption spectra of the dif-
ferent bacteria evaluated. As the bacterial strains
showed similar basic FT-NIR spectral patterns (Figure
1A), mathematical transformations were required to use
the FT-NIR data for qualitative analysis. Second-
derivative transformation (Figure 1B) of spectra ex-
tracted and highlighted distinct features among the
bacterial strains, especially in the information-rich
region of 6000—4000 cm~1. Furthermore, derivative
transformations removed baseline shifts, helping to
reduce the variability between replicates (8). Using the
Savitzky—Golay second derivative (optimal window size
was 21 points) allowed the extraction of useful band
information and reduced spectral noise (19, 29).

The raw and derivatized FT-NIR spectrum of E. coli
HB101 (Figure 2) was used to emphasize the major
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Figure 3. Second-derivative (21-point gap) spectra of (A) P.
aeruginosa, (B) deoxyribonucleic acid standard, (C) glycogen
standard, (D) lecithin standard, and (E) N-acetylmuramic acid
standard.

absorption bands associated with the bacterial samples.
The interpretation of the complex NIR spectra of bacte-
rial cells is difficult because the diverse array of chemi-
cal compounds present can result in band overlapping,
and a specific band in the spectra could be a composite
of many bands containing information on more than one
type of molecular vibration. The NIR absorbances for
various generic functional groups (12) may be correlated
to major cell constituents. FT-IR band assignments that
have been tentatively assigned to chemical functional
groups present in whole cells and macromolecules can
be used to interpret the specific FT-NIR absorption
bands generated by the bacterial cellular compounds
(2—4, 8). Also, FT-NIR spectra of selected standards of
cellular components were measured (Figure 3) and
analyzed to demonstrate correlation to some of the
bands observed in bacterial spectra. The bands at 5912,
5776, and 5673 cm~* could be related to first overtones
of the CH stretching modes of CH3, CH», and aromatic
CH groups (20). Aromatic (~5950 cm™1) and heterocyclic
(6084 and 6161 cm™1 for p-Trp and p-His, respectively)
CH overtone transitions have been shown to make
distinctive contributions at higher energy than the
aliphatic CH (5650—5920 cm~1) overtones (20). The
absorption band at 5192 cm™1 for the bacterial strains
was similar to bands observed in glycogen (5194 cm™1)
and N-acetylmuramic acid (5190 cm~1) standards, which
can be associated with the OH stretching and HOH
deformation modes of polysaccharides (12). Also, the OH
combination band from water has been assigned at 5200
cm~1(21) and could be overlapping the glycogen signal.
The FT-NIR bacterial bands at 5056 and 4061 cm~! also
occur on the DNA standard and could be associated with
NH stretch and C—N—C first overtone modes, respec-
tively (12). The bands at 4866 and 4606 cm~! appear to
be associated with combination bands characteristic of
amide groups in the protein region. The region from
4500 to 5000 cm™~1 contains combinations involving the
NH stretching modes, and bands near 4874 and 4584
cm~1 have been assigned to combinations of amide A/l
and amide B/Il, respectively (20). Robert et al. (22)
reported that proteins (myoglobin, g-lactoglobulin, and
pB-casein) exhibited common peaks at 4866, 4608, and
4255 cm™! attributed to combination bands of amide A/I,
amide /11, and CH stretch/CH deformation. Combina-
tions involving methylene CH stretching modes domi-
nate the 4000—4500 cm~! region (20). Bands at 4342
and 4260 cm~! contain spectral features associated with
aliphatic CH stretching modes of lipids. The phospho-
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lipid standard (lecithin) showed major absorption bands
at 4335 and 4260 cm™!, and Tkachuk (23) reported
characteristic NIR absorption signals for lipids at 5807,
5681, 4336, and 4269 cm~!. Polysaccharides exhibit
important NIR bands in the C—H combination region
(24); however, none of the glycogen bands in the 4400—
4100 cm™! region matched those present in the bacterial
spectra. Nevertheless, the N-acetylmuramic acid stan-
dard, a constituent of the peptidoglycan (murein) layer
of bacterial cell membrane, showed absorption bands
centered at 4432, 4355, 4152, and 4060 cm™1 that were
close to those present in the bacterial samples. The
signal of phosphodiester functional groups present in
nucleic acids, phosphorylated proteins, and polyphos-
phate storage products in the cell, reported for the FT-
IR discrimination of bacterial strains (8), could not be
assigned probably due to the weak NIR absorption of
the P=0 stretching bond vibration.

Optimization of Sample Preparation for Iden-
tification of Bacteria by FT-NIR. NIR analysis of
aqueous systems is difficult because of the interference
from broad vibrational bands of water that overlap the
spectral information of solutes (25), which usually
cannot be deconvoluted into their constituents. A filtra-
tion device (Millipore system) that uses filters to con-
centrate the bacterial cells and eliminate the effect of
the matrix was evaluated for the rapid analysis of
bacterial contamination in liquids instead of the stan-
dard technique that involves the use of mild vacuum-
drying of resuspended bacterial colonies (in distilled
water or saline solution) onto different optical plates
that has been reported for FT-IR spectroscopy (2, 3, 7,
8). The bacterial cells were trapped on the filter, the
solvent was eliminated, and a homogeneous dried film
was obtained. Polycarbonate and microporous polyeth-
ylene filters were deemed to be unsuitable because of
their strong NIR absorption bands between 6000 and
4000 cm™1, which concealed most of the bacterial
spectral information. Fiberglass filters and Anodisc
membranes considerably reduced the background in-
terference, hence allowing the NIR spectral differences
among bacterial strains to become prominent.

Initially, bacterial suspensions (5 mL) containing
different cell concentrations [107—10%° colony-forming
units (CFU)/mL] were filtered through a 25 mm diam-
eter glass microfiber paper or Anodisc membrane. The
filtration technique generated consistent FT-NIR spec-
tral patterns for the different strains and showed
potential for discrimination among bacterial strains.
However, acceptable FT-NIR spectra were obtained only
at the higher cell levels because the bacterial cells were
spread onto an area much larger than the optical beam
path of the reflectance accessory (15 mm diameter) and
thus resulted in material that was not being used for
the analysis. Sedimentation of the cells, resuspension
of the pellet in 50 uL of saline solution, and application
of the suspension on 13 mm diameter filters allowed the
formation of films with an area similar to that of the
reflectance beam path accessory. This procedure re-
quired less cell mass and yielded a reproducible film of
bacteria with increased FT-NIR band intensities.

Differentiation of Bacterial Strains. Differentia-
tion of the bacterial strains was performed using a
mean-centered PCA on the derivatized spectra. A data
set of 75 (glass microfiber) and 115 (Anodisc) spectra
representing six bacterial taxa was analyzed. The data
comprised repeated observations on cells collected from
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Figure 4. PCA of transformed (second-derivative, 21-point window) FT-NIR spectra bacterial strains (A) embedded on glass
microfiber filters and (B) retained on the Anodisc membrane surface. The data comprised repeated observations on cells collected
from a single stationary phase culture (four to five measurements) and also from cultures grown on subsequent days (replication).

Data were collected in the 7000—4000 cm™* spectral region.

a single stationary phase culture (four to five measure-
ments) and also from cultures grown on subsequent
days (replication). The scores plot, a projection of the
original data onto the principal components, allowed the
visualization of clustering among samples (sample pat-
terns, groupings, or outliers). The FT-NIR spectral
regions from 5600 to 5200 cm~! were primarily affected
by the changes in moisture content of the bacterial
samples. Changes in the residual moisture content of
samples could interfere with the NIR models (26), and
removal of the bands that were influenced by the
moisture absorbances from the PCA model improved the
bacterial classification. PCA scores grouped the FT-NIR
spectral information from bacteria retained on glass
microfiber filters (Figure 4A) and Anodisc membranes
(Figure 4B) into separate clusters. Gram-negative (E.
coli and Pseudomonas) bacterial clusters were grouped
more closely together, possibly due to similar fatty acid
profiles in the outer membrane. The technique was able
to discriminate among closely related E. coli strains. The
reproducibility of the method was demonstrated by the
tight clustering of specific bacterial samples analyzed
as replicates on the same day and also when repeated
on subsequent days.

Although FT-NIR measurements on bacteria retained
on glass microfiber filters and Anodisc membranes
showed potential for discrimination among bacterial
strains, the distinct properties of the filters had an
important effect on the amount of material required to
obtain reproducible FT-NIR spectra. Anodisc mem-
branes (surface filter) provided a smooth and flat surface
for the retention of the bacterial cells, allowing the
formation of a thin homogeneous film. However, the
porous nature of glass microfiber filters (depth medium
of intertwined fibers) required the use of higher levels
of cell material to obtain reliable spectral data. Further
experiments were focused on the use of Anodisc mem-
branes to create reproducible films that give distinctive
fingerprints in the FT-NIR region and allowed reducing
the levels of cell material applied to the membrane. A
problem experienced with the use of the Anodisc mem-
branes was that the bacterial film peeled off, especially

Table 1. Average Cell Concentration of Bacterial Strains
Used for FT-NIR Spectral Collection

bacterial strain

standard plate count (CFU/mg)

E. coli HB101 1.2 x 108
E. coli ATCC 43888 2.9 x 108
E. coli 1224 3.1 x 108
P. aureginosa 3.6 x 108
B. cereus 7 x 107
L. inoccua 5.2 x 108

for the E. coli strains; this complicated the sample
handling and increased the noise of the FT-NIR spectra
(data not shown) due to changes in the physical proper-
ties of the material (the film usually cracked into many
pieces). The peeling of the dried film can be avoided by
applying less cell material (~10 mg) to the membranes.

A critical factor for the success of FT-NIR and
multivariate techniques for bacterial characterization
was the concentration of cell material applied to the
membrane. Although the spectral data were normalized
to compensate for changes in material concentration, it
appears that differences in spectral features due to
concentration (the more cell material, the richer the
spectral information that is obtained) affected the PCA
modeling. Therefore, the method required standardiza-
tion of the amount of cell mass being applied to the
membrane. The use of optical density as an indirect
measurement of cell concentration in the suspensions
reduced the FT-NIR intersample variability. However,
the use of a resuspended pellet of wet bacterial cells
gave a more reproducible film thickness and therefore
was chosen to standardize the methodology. Approxi-
mately 10 mg of wet cell weight was used for our
analysis, and the PCA analysis showed good clustering
of the data (Figure 4B). The cell levels (cells per
milligram) estimated by standard plate count method
are shown in Table 1. A cell concentration between 108
and 10° CFU (<1 mL of bacterial suspension) deposited
on the membranes gave the most reproducible spectra.
Because NIR band intensities are usually 10—100 times
weaker than the corresponding mid-IR fundamental
bands (27), these results compared well with cell levels
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Figure 5. PC1 versus PC2 scores plot of FT-NIR spectra
collected using the second-derivative (21-point window), con-
sidering the region from 7000 to 4000 cm™2.

of 108—107 CFU reported for mid-IR bacterial discrimi-
nation (7, 8). However, the fact that most bacteria can
be trapped on membranes with a pore size of <0.2 um
allows the filtration of a large volume (i.e., 1 L) to
concentrate the cells. This increases the sensitivity of
the procedure and permits the reproducible detection
of bacteria at levels 3-fold below those obtainable
without filtering. The filtration technique also allows
the removal of other interfering compounds (sugars,
organic acids, etc.) present in the liquid matrix. Fur-
thermore, the amount of cell material used for these
experiments was near the upper limit of concentration
that would not result in peeling of the bacterial film;
this produced the strongest FT-NIR signal necessary for
refinement of the technique. Studies to determine limits
of detection (i.e., the smallest amount of cell material
needed for reliable data) are being conducted.

To test the FT-NIR and multivariate techniques, a
blind sample was included in the analysis. The PCA
analysis located the test isolate close to the cluster of
data points of the B. cereus, but it was clearly classified
as unique (Figure 4B). The test isolate was later
identified by traditional microbiological methods as
another B. cereus strain. Although the B. cereus strains
were taxonomically similar, the FT-NIR technique cor-
rectly assigned them to separate clusters, showing the
value of this method as a strain-specific discrimination
tool.

The FT-NIR method allowed for direct measurements
of the membranes containing the bacterial film, without
drying of the samples on expensive optical crystals, and
also minimized subsequent cleanup and disinfection
steps. Also, FT-NIR measurements do not require
purging of the sample compartment for removal of CO,
and H,0 vapor.

The PCA explained 95% of the total variability using
the first six principal components (PC), whereas PC1
and PC2 were particularly representative of the spectral
information and accounted for 82% of the total variance.
The scores plot of PC1 versus PC2 displayed distinct
clustering for the bacterial strains (Figure 5). Examina-
tion of the loading weights (Figure 6) indicated which
FT-NIR frequencies contribute significantly to the varia-
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Figure 6. Loadings plot showing PC1 and PC2, accounting
for 57 and 26% of the total variability. The spectral region from
5600 to 5200 cm™* was excluded to minimize the effect of
sample-to-sample differences in moisture content (OH combi-
nation broad band at 5200 cm™1) of the cell material.

tion in the data set. The glycogen absorption band at
5192 cm~?! was overlapped by the broad absorption of
water (5200 cm~1) and could not be resolved sufficiently
by the second-derivative transformation to avoid inter-
ference from O—H vibrations of water and had to be
excluded from the PCA model.

Differences in the major cellular constituents of
bacteria are responsible for the unique and reproducible
FT-NIR spectral patterns that allow chemometrics
(PCA) to satisfactorily group the bacterial strains.
Differences in cellular composition have been used to
separate bacteria into Gram-positive and Gram-nega-
tive groups. Major components of the cell wall include
a peptidoglycan (murein) layer, lipoproteins, phospho-
lipids, proteins, and lipopolysaccharides and could play
an important role in FT-NIR bacterial classification. The
loadings showed sharp bands at the 4000—4500 cm™?!
spectral region suggesting that the aliphatic CH and
methylene stretching modes largely influenced the
bacterial spectral variation (20). The loading plot also
showed that bands in the regions from 4500 to 5000
cm~! and from 5600 to 6100 cm™? related to frequencies
of amide band combinations and CH first overtones of
methylene and aromatic/heterocyclic groups, respec-
tively (20) contributed to the bacterial variance.

Conclusions. The use of FT-NIR spectral informa-
tion and multivariate techniques showed potential for
the identification and subtyping of different bacterial
species. Transformation of the spectra by second deriva-
tives resolved specific FT-NIR features in the 7000—
4000 cm™? region to allow PCA to reproducibly group
the samples into different clusters. The development of
a simple membrane-based procedure to produce a thin
bacterial film resulted in increased sensitivity and
allowed rapid discrimination among closely related
strains. This methodology can be applied for monitoring
bacterial contamination in liquid systems and may
become a powerful tool for monitoring the safety of our
food supply. The limits of sensitivity of this method need
to be determined. Because this method does not require
culturing the bacteria or amplifying specific genes, it
can serve as a rapid screen for liquids in which potential
contamination may exist. The generation of a library
of major foodborne pathogens and the evaluation of
more powerful multivariate classification methods (SIM-
CA or artificial neural networks) are needed for this
approach to become a standard typing tool.
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