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Laser-induced breakdown spectroscopy has been used to obtain spectral fingerprints from live bacterial spec-
imens from thirteen distinct taxonomic bacterial classes representative of five bacterial genera. By taking
sums, ratios, and complex ratios of measured atomic emission line intensities three unique sets of indepen-
dent variables (models) were constructed to determine which choice of independent variables provided op-
timal genus-level classification of unknown specimens utilizing a discriminant function analysis. A model
composed of 80 independent variables constructed from simple and complex ratios of the measured emission
line intensities was found to provide the greatest sensitivity and specificity. This model was then used in a
partial least squares discriminant analysis to compare the performance of this multivariate technique with
a discriminant function analysis. The partial least squares discriminant analysis possessed a higher true
positive rate, possessed a higher false positive rate, and was more effective at distinguishing between highly
similar spectra from closely related bacterial genera. This suggests it may be the preferred multivariate tech-
nique in future species-level or strain-level classifications.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since the initial demonstrations of bacterial identification with
laser-induced breakdown spectroscopy (LIBS) in 2003, significant
progress has been made in the use of multivariate chemometric anal-
yses to classify unknown bacterial LIBS spectra [1–4]. Over the last
five years we and others have demonstrated a sensitive and specific
identification of live bacterial biospecimens utilizing a discriminant
function analysis (DFA) to classify LIBS spectra [5–8]. The intensities
of strong specific elemental atomic emission lines normalized by the
total observed spectral power have been utilized as independent vari-
ables in this multivariate analysis [9]. The selection of specific spectral
lines to serve as independent variables in the multivariate analysis is
known as variable down-selection [10]. However it is not yet known
whether the use of down-selected variables or the entire LIBS spec-
trum provides optimal discrimination and classification of unknown
LIBS spectra, and this is an ongoing area of investigation [11,12]. It
is also not known which multivariate analysis technique, if any, pro-
vides superior classification given a choice of independent variables,
and multiple chemometric algorithms are still widely utilized for bac-
terial identification including principal component analysis (PCA),
linear discriminant analysis (LDA), partial least squares discriminant

analysis (PLS-DA), neural network (NN) analysis, partial least squares
(PLS) regression, and support vector machine classification (SVM)
[13–18].

To investigate these various strategies, we have compared the use
of three different down-selected variable models consisting of emis-
sion intensities, the sum of observed intensities from the elements
P, Ca, Mg, Na, and C, and complex ratios of those intensities in identi-
cal external validation tests. Variables were down-selected from
bacterial LIBS spectra obtained from five different genera and 13 dis-
tinct taxonomic classes of species and strains [8]. Model performance
was quantified by calculating truth tables (and the resulting sensitiv-
ity and specificity) from the external validation tests. Lastly, the down
selected variable model which provided the most accurate classifica-
tion was tested in a PLS-DA multivariate analysis to provide a direct
comparison with the performance of the DFA.

2. Experimental

2.1. Experimental setup

The LIBS apparatus used to obtain the bacterial spectra, as well as
our bacterial sample preparation and mounting protocols, have been
described at length elsewhere [5,19]. Briefly, 1064 nm infrared laser
pulses 10 ns in duration were used to ablate the bacterial specimens
mounted on a 0.7% nutrient-free agar substrate in an argon environ-
ment. LIBS emission was collected 2 μs after the ablation pulse and
dispersed in an Échelle spectrograph, and the spectra were recorded
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by an intensified charge-coupled device (ESA3000, LLA Instruments,
GmbH). Pulse energies were approximately 10 mJ/pulse and each
spectrum was averaged from spectra acquired at five sampling loca-
tions, each approximately 100 μm in diameter. Approximately 7500
bacterial cells in total were ablated for each spectrum [5]. A represen-
tative LIBS spectrum of a bacterial target ablated on an agar substrate
in an argon atmosphere is shown in Fig. 1. This spectrum is the aver-
aged accumulation of five separate sampling locations. Five spectra
were acquired at each sampling location, thus twenty-five laser
pulses were used to obtain this spectrum.

The bacteria were chosen to represent a fairly wide taxonomic
range. Spectra were acquired from representative Gram-negative phe-
notypes (Escherichia coli and Enterobacter cloacae), Gram-positive

phenotypes (two species of Staphylococci and two species of Streptococ-
ci), and the atypical acid-fast Mycobacterium phenotype (three strains
ofMycobacterium smegmatis). In total, LIBS spectra from 13 unique bac-
terial strains were obtained in 32 completely distinct experiments (e.g.
cultured in different media, grown on different days over the course of
18 months, and exposed to different environmental stresses) [8]. This is
shown in Table 1.

The five representative bacterial genera that were tested are listed
in the first column of Table 1 and the thirteen bacterial taxonomic
groups tested (e.g. E. coli strain C, E. coli strain HF4714, Staphylococcus
aureus, Staphylococcus saprophyticus) are listed in column two. The 32
distinct experiments that were performed yielded the 32 data sets
shown in column three of Table 1. Each distinct experiment was
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Fig. 1. A representative LIBS spectrum of a bacterial target ablated in an argon environment at atmospheric pressure. The atomic emission lines used in the bacterial discrimination
indicated by an “*” in Table 3 are indicated in this spectrum. Emission features that were seen but were unused in the discrimination are indicated with a superscript “u”.

Table 1
Identities of the 32 data sets used to construct a spectral library composed of 669 bacterial LIBS spectra.

Genus Bacterial ID Data set

1: Escherichia 1: E. coli ATCC 25922 1: E. coli ATCC 25922
1: E. coli ATCC 25922 2: E. coli ATCC 25922/E. cloacae (10:1)
1: E. coli ATCC 25922 3: E. coli ATCC 25922/E. cloacae (100:1)
1: E. coli ATCC 25922 4: E. coli ATCC 25922/E. cloacae (1000:1)
2: E. coli O157:H7 (EHEC) 5: E. coli O157:H7
3: E. coli C 6: E. coli C
3: E. coli C 7: E. coli C — cultured on MacConkey agar
3: E. coli C 8: E. coli C — starved for 1 day
3: E. coli C 9: E. coli C — starved for 4 days
3: E. coli C 10: E. coli C — starved for 6 days
3: E. coli C 11: E. coli C — starved for 8 days
3: E. coli C 12: E. coli C — autoclaved
3: E. coli C 13: E. coli C — UV exposed/killed
4: E. coli HF4714 14: E. coli HF4714
5: E. coli Hfr-K12 15: E. coli Hfr-K12

2: Enterobacter 6: E. cloacae ATCC 13047 16: E. cloacae ATCC 13047
3: Staphylococcus 7: S. saprophyticus 17: S. saprophyticus

8: S. aureus 18: S. aureus
4: Streptococcus 9: S. mutans 19: S. mutans

10: S. viridans 20: S. viridans
10: S. viridans 21: S. viridans — starved for 1 day
10: S. viridans 22: S. viridans — starved for 6 days
10: S. viridans 23: S. viridans — starved for 9 days
10: S. viridans 24: S. viridans — UV exposed/killed
10: S. viridans 25: S. viridans — autoclaved

5: Mycobacterium 11: M. smegmatis WT 26: M. smegmatis WT — 90% dilution
11: M. smegmatis WT 27: M. smegmatis WT — 60% dilution
11: M. smegmatis WT 28: M. smegmatis WT — 50% dilution
11: M. smegmatis WT 29: M. smegmatis WT
11: M. smegmatis WT 30: M. smegmatis WT — 100% concentration
12: M. smegmatis TE 31: M. smegmatis TE
13: M. smegmatis TA 32: M. smegmatis TA
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