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TECHNICAL NOTE:

DIFFERENTIATION OF FOOD PATHOGENS USING
FTIR AND ARTIFICIAL NEURAL NETWORKS

M. . Gupta, J. M. Irudayaraj, C, Debroy, Z. Schmilovitch, A. Mizrach

AI}S'I‘RA(_‘.T. 1 TIR absorbance spectra in conjunction with artificial neural networks (ANNs) were used 1o differentiate selected
microorganisms at the generic and serogroup levels. The ANN consisted of three layers with 595 input nodes, 50 riodes af the
hidden layer, and 5 output nodes (one for each microorganism or strain). Ten r('pli('(;liun.s of each experiment 'H‘ﬂf'(* rm;;lucmj
and 70?’!‘ of the data was ”-“‘"1‘/_"" training and 30% for validation of the network. Results indicated that (Ii[[(lrwlllfdlimt mu/(}
be achieved at an accuracy of 80% 10 100% ar the generic level and 90% to 100% at the serogroup level at 103 CFUfml.

concentration.
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ealth problems due to food pathogens have been
well documented (Mead et al., 1999: Crutchfield
et al., 2000). Rapid monitoring of food pathogens
and their identification is of great importance to
feed scientists, industries, as well s federal agencies. Foui-
er-transform infrared spectroscopy (FTIR) has been used for
ideatificaiton ano characieiization of bucteria (Keint et al..
1991a, 1991b: Naumann et al., 1991a, 1995: Curk et al..
1994: Goodacre et al.,, 1996: Udelhoven et al., 2000; Yang
and Irudayarai, 2003). Artificial neural networks (ANNs)
have been suggested as an alternative classification method
compared to the traditional multivariate statistical approach
to process FTIR data due to their ability to handle nonlinear
data and their tolerance of modest levels of noise or variabili-
v in the input data(Wallace et al.. 2000). The ability of ANNs
1o learn the trends in the data and apply this knowledge to in-
terpret new information is an attractive tool for classifying
microorganism fingerprints for identification and classifica-
tion purposes (Specht, 1990; Freeman et al., 1994; Chun et
al., 1993; Goodacre et al., 1994, 1998; Argov et al., 2002;
Kirschner et al.. 1999).

The aim of this study was to study the ability of FTIR

¢™ctroscopy to differentiate a select set of foodborne
-pathogens at the species, strain, and various concentration
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levels by their absorbance spectra in the fingerprint region
using ANNs.

IMIATERIALS AND VIETHODS
BACTERIAT. SAMPLE PREPAR “TIONS

Five pathogenic bacteria (Enterccoccus faeciuni. Selizio-
nella enteritidis. Bacillus cereus. Yersinia enterocolizis, and
Shigella) and five E. coli serogroups (0103. 055, 0121, 030,
and O26) were obtained from the Gastroenteric Disease
Center (GDC) at the Pennsylvania State University for this
study. Each bacterium was cultured in 100 mL broth medium
(5 g yeast extract. § g tryptone. and 5 ¢ NuCl in 500 inl
distilled water) at 35°C and shaken at 100 rpm for 24 b
(Enterococcus faecium, Yersinia enierocolitis. Shigefla boy-
dii, and E. coli). 18 h (Salmonelia ciiiéric subtype Entenu-
dis). or 36 k (Bacillus cereus) tv reach a final concentraiion
of 109 CFU/mL.

The original samples were suspended in sterile phosphate
buffer saline (PBS) and serially diluted six times {}07
through 10-%) such that seven different concentration levels
(103 through 10° CFU/mL) could be achieved for each
bacterium. All the samples (100 pL.) were then plated on agar
to determine the plate counts. The samples were subjected t0
FTIR spectroscopy measurements.

FTIR MEASUREMENTS !

A BioRad Excalibur FTS 3000 spectrometer with an ATR
accessory was used. F11R absorbance spacira were coliecied
in the spectral region between 600 and 4000 cm™ at a
resolution of 2 em~'. Lacn experimcni was repeaicd iet Litics
ai each of the seven concentrations for the five different
pathogens to give a total of 350 spectra. The same procedure
was repeated for the five different E. coli serogroups. and
350 spectra were collected.

ARTIFICIAL NEURAL NETWORK

All ANN analyses were carried out with the Neuroshell 2
Release 4.0 package (Ward Systems Group., Inc., Fredenick.
Md.) using the probabilistic neural networks (PNNs) algo-
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rithm, which is a model for supervised classification based on
multivariate probability estimation (Specht, ]999). '

The FTIR spectra were smoothed and differentiated;
seven of the ten spectra from each experiment were used for
training, and the remaining three were used for validating the
trained network. The FTIR spectra were paired with a
corresponding output using a binary encoded- structure:
Enterococcus faecium coded as 10000, Salmonella enterica
subsp. Enteritidis as 01000, Bacillus cereus as 00100,
Yersinia enterocolitis as 00010, and Shigella boydii as 00001.
The above five training pairs collectively constituted the
training set. For the E. coli serogroups, a similar binary
coding was followed, i.e., 0103 was reprcsented as 10000,
055 as 01000, 0121 as 00100, O30 as 00010, and 026 as
00001.

Initially, the absorbance data in the entire range (600 to
4000 cm-1). with a total of 1764 points (or variables), were
considered as input to the input layer of the neural network
(NN). For such an input pattern, the training time required
was between 30 and 90 min and the classification accuracy
was poor, i.e., for the validation set the classification
accuracy ranged from 0% to 30%, although the overall
accuracy ranged from 60% to 70% (tables 1 and 2), possibly
due to the presence of a high level of noise in the spectra due
to interference from water and carbon dioxide. Hence, the
absorbance spectra in the region 600 to 1750 cm™! (Naumann,
1991b) were used as input, and only 595 points (input
neurons) were implemanted. The chosen region was consid-
ered sufficient because it contained the typical fingerpnnt
(600 to 900 cm-!) characterized by a combination of weak
absorptions due to the arcmatic ring vibrations of the
phenylalanine, tyrosine, tryptophan, and several nucleotides,
the polysaccharide region (900 to 1200 cm™) due to
symmetric stretching vibrations and peaks due to C-0-C and
C-O-P. the mixed region (1200 to 1500 cm-!) due to the
bending modes of lipids and proteins, and the intense amide 1
and amide 11 region due to the presence of @ and f structures
of the cellular proteins (Naumann. 2000).

The values applied to the input and output nodes of the
595.50-5 network were normalized, before training com-
menced, using the logistic function between 0 and 1

according to the built-in formula in.NcuroshcI{’\;}ftltl'?%ltgagsi(;l 413
(Ward Systems Group, Inc., Frederick, Md.). W 1’.1 595 inp
neurons, the network was allowed to run until a m1pzmum
level of error in the test set Was uch?evcd and rcmmflcd z}s
such for 20 generations. The trained ANI\{ ’wast thg(;
investigated with the remaining 30% of the spectra not use

for training.

RESULTS AND Di1SCUSSION

DIFFERENTIATION OF BACTERIA ' .
To determine the optimum sample size, the training set
was gradually increased from 10% to 79‘7; of the tqt—al sample
size. Figure 1 shows the effect of training set size oQ tfle
classification accuracy of pacterial species. The best 01?1551?1-
cation resulted with a sample size of 60% or more 1n the
" training set. Maximum €rror in classification was.c?btamcd
for Enterococcus faecium and Yersinia enterocolitis when
10% of the training set size was used. [n the same way, the
error decreased as the sample size increased, and maximum
prediction accuracy was achieved when 60% or more of the
data was used for training. With a marein of clearance. 70%%
of the data was chosen for training. con forming to the norm
that two-thirds of the data be used for training or calibrat! ,}‘ J
and one-third for validation or testing. Training of £ 7
network with a range of input data also indicated that a vasi
difference between the replicate sample spectra was ob-
served poscibly due to the variability in the sample. the age
of the culture, and interference due to water and carbon
dioxide. This problem could be reduced significantly by
increasing the number of replications in the experiments and
by using as many spectra as possible for training.

Training was stopped when 20 test or calibration genera-
tions had passed and the average minimum error in
classification of the patterns remained unchanged. The actual
time taken to train the network was only 5 to 6 min. a
significant reduction from 30 to 90 min when using the entire
spectral range (600 to 4000 cm. The trained neural
net_w_ork was then investigated usiag the daw from the
training set as well as the validation set from all bacteria.

Table 1. Probabilistic neural network (PNN) of bacterial species ata concentration of 103 CFU/mL in buffer,

Input FTIR Spectra in 600 to 4000 cm~! Region Input FTIR Spectra in 600 to 1750 em™! Region
Right Wrong Classified Right Wrong élasxiﬁ g

' Assignment Assignment Not Correct Assignment  Assignment Not C();rccl )
Bacteria No. No. Classified (%) No. No. Classified (0) ¢
Enterococcus faecitmn 7 0 3 70 10 0 0 100 >
Salmonella enteritidis 7 0 3 70 10 0 0 100
Bacillus cereus 6 0 4 60 10 0 L) .
Yersinia enterocal’uis 7 0 3 70 10 0 0 ol
Shigella bovdi 7 O 3 70 10 0 o :gg

Table 2. Probabilistic peural netwesk (PNNY of F. coli strams at 2 concentration of 109 CFU/mL in bwiler.

Input I'I"lR Spectr in 600 10 4000 cm ™! Region

Input FTIR Speetra in 600 10 1730 emv™! Region v
e oy = .

Ee g  Right Wrong C l;\\\,ii—\u'\:;lmv MHT\'—PI-GI—-?—— i “{(:r.nn 5 s o
E-coli Assienme T ’ o 22 (TONS Classifie
I s T T s i S
3 e e e e e e e e £ e PR A A R A A 05 g ik )
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o121 & ) . b " 0 0 100
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Figure 1. Effect of training set on classification of bacterial species.

ssents the classification results of the bacterial DIFFERENTIATION OF SEROGROUPS
: 1ts summarized in 1ables 1 and 2 and Classification of the selected E. coli serogroups Was
» 100% comect classification was ~accomplished using an analysis similar to that described
above. It was observed that 20% of the training set was
The imvel of comect species classification was between sufficient to classify all four E. coli serogroups except the
and 100%. Only 0% of Bacillus cereus could not be 030 strain. which was found to have a distinctly different
Gified 2 the 107 CFUZmL concentration. and 10% 10 20% - pattern among its replicates and did not allow a correct
enterocolitis was misclassified in the concentra- classification for up to 50% of the training data set size. This
ge () through 10° CFU/mL. The error in classifica- problem was eliminated when 60% of the data set was used
tiom could be anributed to the presence of outlier patterns in  for training. Analysis at both the generic and serogroup levels
the replicate spectra. Since there was no relation between the  indicated thata training set size of 60% or more of the sample
cize of errir and the dilvtion rate. it can be stated that the was suitable. A training set size of 70% of the sample was
4NN could successtully classify the tested bacterial species  selected to comply with the norm stated above.
2t 2 sensitivity of 10° CFU/mL. Correct classification at the serogroup level was accotri-
plished with an accuracy of 90% to 100%. Three serogroups
were cither wrongly classified or misclassified: 0103 at the
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Figure 2, Classification of the bacterial species by ANN,
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109,

100, and 10" CFU/ml. concentrations; O30 at 1006
CFU/mL; and O121 at 10} and 105 CFU/mL. No correlation

was found between the number of wrongly classified strains
and the concentrations, Thus, the error could only be
attributed to the outlier patterns. This error could be reduced
by increasing the size of the training set, which could be done
only if the number of replications is increased.

CONCLUSION

ANNs were used for classification of bacteria at both the
generic and serogroup levels based on their FTIR absorbance
spectra, 1t was found that the classification was best with the
training set containing 60% or more of the total data. The
errors in the classification could be attributed to outlier
patterns. which could be reduced by increasing the number
of replications. Detailed analysis of the age of the culture and
type of growth medium will provide additional insight into
the \‘nnplg variability. Interference due to water and carbon
dioxide in the spectra could be reduced by proper purging and
mmproved data collection, as found in newer FTIR spectrome-
ters. The present approach could be extended to other food
pathogens for generic, species, and serogroup level identifi-
cation. Thus, FTIR spectroscopy with the use of ANNs could

become a powerful tool for online food safety monitoring in
the processing industry.
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