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Abstract
In this paper we discuss the application of ToF-SIMS with an Au3
+ primary ion beam, combined with principal components analysis (PCA) and

discriminant function analysis (DFA) for the identification of individual strains of two Bacillus species. The ToF-SIMS PC-DFA methodology is

capable of distinguishing bacteria at the strain level based on analysis of surface chemical species. By classifying the data using hierarchical cluster

analysis (HCA) we are able to show quantitative separation of species and of these strains. This has taxonomic implications in the areas of rapid

identification of pathogenic microbes isolated from the clinic, food and environment.

# 2006 Published by Elsevier B.V.

Keywords: ToF-SIMS; Bacillus; Multivariate analysis; Taxonomy; PCA; DFA
1. Introduction

Bacillus cereus is described as one of the most taxonomi-

cally confusing areas of the bacilli [3]. This has significance in

today’s modern medicine (antibiotic resistance), food industry

(for food spoilage organisms) and bioterrorism (B. anthracis

which is responsible for anthrax and is in the same taxonomic

division as B. cereus) where bacterial diagnostic is an important

tool, especially where minute biochemical differences between

organisms are difficult to detect. Conventional taxonomic

methods and whole cell lipid profiling have been shown already

to be able to discriminate between B. cereus and B. subtilis [4],

and so this was considered a good model system for SIMS.

The need for rapid, reproducible and accurate analyses for

the detection and identification of bacteria has long been a

target for research. The family Bacillus has been divided into

three main divisions of which B. cereus and B. subtilis fall

within the same division, they are closely related yet distinct by

DNA–DNA homology and physiological traits [4]. B. cereus

and B. subtilis are known to be closely related [5] and so
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morphological methods, such as classical culturing and

microscopy may not readily discriminate between species.

For bacterial taxonomic relationships to be examined from

chemical data cluster analysis both ordination plots (principal

components (PCA) or discriminant function (DFA) analyses)

and dendrograms (tree like figures generated from hierarchal

cluster analysis (HCA)) are typically employed. In these

methods, distances between organism can be used to assess

their relative similarity to one another.

The benefit of chemometric analysis of mass spectrometric

data has been highlighted previously showing multivariate

analysis as a powerful tool for raw data sets [2,6,7]. PCA has

previously been used with ToF-SIMS spectra to show

differences between the spores and vegetative cells of Bacillus

megaterium and four different strains of yeast [1,8]. In other

surface-based analysis of bacteria that use biochemical

profiling, multivariate analyses such as PCA and DFA has

allowed for accurate comparison of ATR–FT-IR spectra from

clinical isolates of B. cereus and B. subtilis [9]. MALDI-ToF-

MS protein profiling has been used as a taxonomic tool for

differentiating spores of Bacillus [10], although this technique

is somewhat less surface-specific.

In the present study we assess the ability of a combined ToF-

SIMS and multivariate analysis to distinguish two Gram
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Table 1

Bacterial species and the corresponding strain number

Species ID number Dendrogram identifier Plot strain identifier

B. cereus B0002T Ca (*)

B0550 Cb (*)

B0702 Cc ( )

B. subtilis B1382 Sa (~)

B0098 Sb (!)

B0014T Sc (~)

T indicates the type strain.

Fig. 1. (a) 2D PCA plot of ToF-SIMS data from Bacillus cereus and Bacillus

subtilis strains (PC 1 and PC 2 exhibit 35.50% and 19.24% of the total variance).

(b) A bar chart showing how species are separated within the DF 1 space (black

bars represent B. cereus, grey bars represent B. subtilis).
positive Bacillus species (B. cereus and B. subtilis) comprising

six individual strains (see Table 1). Supervised clustering

methods such as DFA require prior knowledge of groups in the

data whilst unsupervised methods like PCA use no prior

knowledge of groups structure. Therefore, as a comparison both

supervised and unsupervised results will be shown. Finally,

dendrograms were produced from PC-DFA space as they

describe the inherent hierarchical structure of class division

within the data set.

2. Experimental

2.1. Sample preparation

Table 1 shows the species and strains analysed: further

details of these organisms are available in Vaidyanathan et al.

[11]. Vegetative cells from axenic cultures were grown on

Blood M agar (without blood) for 12 h on separate plates at

37 8C. This process was repeated over 5 d to produce five

biological repeats. The bacteria were washed from the plates

and suspended in 1 ml of sterile distilled water and stored at

�80 8C until needed.

Aliquots of sample were placed onto single 5 mm � 5 mm

silicon wafers mounted onto copper sample stubs. ToF-SIMS

analysis was performed on a BioToF-SIMS instrument using a

15 keV Au3
+ primary ion beam (Ionoptika, UK) with a total

primary ion dose density 4 � 1010 ions cm�2. A total of 135

mass spectra were taken (three ‘machine’ repeats for each

‘biological’ repeat).

2.2. Data analysis

The ToF-SIMS spectra were binned to 1 mass unit prior to

chemometric analysis to reduce the computational power

required for the analysis. Although binning the data in this

manner may reduce the mass resolution of the data the

instrument was not run in maximum mass resolution mode

and in this case these effects are considered negligible. The

remaining files still contain a characteristic fingerprint from

each of the samples. The mass range m/z 51–1900 was used in

order to include possible characteristic lipid species and

exclude salts that vary extensively from one sample to

another. Data were sum normalised by the total ion intensity

within the spectrum to a total of 100% and mean-centered, to

remove spectral variation in terms of peak intensities and
noise. Matlab (MathWorks, Inc., MA, USA) was used to

analyse the data set by performing PCA using the NIPALS

algorithm, reducing data dimensionality and preserving

variance [9].

The normalized PCA data values were used for DFA and the

data were allocated groups for the species and strain they

represent (two species and six strains). HCA was programmed

to classify data by first generating a similarity matrix from

ordinary Euclidean distances between samples in DFA space,

and an agglomerative algorithm was used to produce a

dendrogram of relationship within these spectra.

3. Results

PCA of the complete data set in the mass range m/z 51–1900

resulted in intermixing of species data and some intermixing

and no tight clustering of strains (Fig. 1(a)). When examining

the strain level separation the PCA resulted in some degree of

separation, the majority of the data showed significant overlap

making it difficult to see clear clustering. As the names of each

sample in the test set are known, it is possible to use the

supervised DFA technique to facilitate groupings based on
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Fig. 2. (a) DFA plot of strain groups (note circles are included for visual clarity) with the percentage variance of DF 1 (35.42%), DF 2 (19.37%) and DF 3 (6.35%). (b)

HCA dendrogram showing the average data separated on the distance between one strain and the next. Refer to Table 1 for dendrogram strain identifiers. (c) DF2

against DF3 plot showing test set data projection (test set data accompanied by an asterisk).
similarities between the strains. The discriminating power of

the combined ToF-SIMS and multivariate analysis is observed

in the plots shown.

Fig. 1(b) shows sample number separation in the DF1 space,

clearly showing the data separated into the two species groups.

Fig. 2(a) shows the result of applying a priori knowledge to the

data, in this case groupings for species (B. cereus and B.

subtilis). A test set of data was projected into the PC-DFA space

of the training set in order to validate the clustering. The test set

showed successful clustering (Fig. 2(c)).

Fig. 2(a) shows the pseudo-3D DFA plot for DF 1, DF 2 and

DF 3. There are two clear clusters for B. subtilis strains B1382

and B0014, yet the third B. subtilis strain (B0098) has

clustered with the B. cereus strains. DF 1 therefore

discriminates between B. subtilis B1382 and B0014 (type

strain). Clearly DF 3 separates the strains of B. cereus (circle

symbols). There appears to be a defined separation of all six

strains, with a degree of overlap between B. cereus strain

B0550 and B. subtilis strain B0098. This overlap is an

indication of surface similarity between B0550 and B0098.
It is necessary to achieve good separation to perform a

hierarchical cluster analysis.

The HCA (Fig. 2(b)) produced a dendrogram showing the

relationship between these strains. This shows the resulting

natural relationships (those that are from the biochemistry of

the organism and not a result of machine differences as these

should be removed with data preprocessing) detected by the

ToF-SIMS analysis. This taxonomic classification allows one to

observe the relationship between the data in a few simple steps,

something that may be difficult without the use of multivariate

analysis. It is clear that all the chosen strains separate and that

strain B. subtilis (strain B1382) is the most dissimilar strain on

the basis of our analysis. Not only has it separated from the B.

cereus but also has not shown a close relationship with the other

B. subtilis strains. However there is clear similarity between B.

subtilis B0098 and B. cereus B0550 as seen in the previous DFA

plot (Fig. 2(a)) The B. cereus have grouped closer together

indicating that their surface chemistry has a greater similarity

than the B. subtilis strains have to one another, within their

genotype.
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4. Discussion

The bacterial cell surface, with polypeptides, glycoproteins,

polysaccharides and phospholipids, is very complex and

contains a wealth of biochemical information. With this in

mind we believe that ToF-SIMS is an ideal method for probing

the bacterial cell surface and might yield useful discriminatory

information.

Detailed surface analysis, such as afforded by ToF-SIMS

allows greater knowledge of the biochemistry within that

region. Winder and Goodacre [9] found that FT-IR and ATR–IR

was able to separate strains at the subspecies level, ATR–IR

being a surface specific analysis technique. The surface of

bacteria allow for taxonomy based on the variations between

species in terms of their chemistry.

5. Conclusion

The use of multivariate analysis makes ToF-SIMS a

successful technique for the discrimination of bacterial cells

by their surface differences. Not only can the data be

examined in terms of biochemistry from PCA and DFA

loadings plots (not shown), but the production of dendro-

grams from HCA allows relationships between the bacterial

strains to be elucidated. This information may then be used

to classify organisms of unknown type or origin. Further
work will examine the biochemical strain differences in more

detail.
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