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Abstract Food safety is a major concern for suppliers in the
food chain to ensure the safety of their products. The identi-
fication procedure requested by norms is tedious, and it often
requires systematic controls and qualified staff to perform the
necessary analyses. Raman spectroscopy offers new opportu-
nities to rapidly and efficiently ascertain the presence of
pathogens in samples. Nevertheless, this technique requires a
standardized procedure to be applied in the industrial context.
Our study shows that the variability between spectral finger-
prints is related to the physiological state of the microbial
species and the growth phase of the bacteria plays a crucial
role in its identification by Raman spectroscopy. To improve
the discrimination between closely related bacterial species, a
procedure based on the selection of bacterial spectra in the
exponential growth phase was proposed. Different ways to
introduce Raman spectroscopy in the ISO 6579:2002 stan-
dards are also proposed from the entire process to a shorter
protocol. In the latter case, the identification of bacterial
colonies after the selective enrichment step was proposed with
the advantages of this path in terms of simplicity and rapidity
(analysis time is reduced up to 50 h from the 100 h required by

the standard). The protocol validated using six food categories
from industrial partners have presented a good correlation by
confirmation with other laboratory classical methods. In the
future, this procedure could be introduced to the control
system of the food production chain with a reliable database
for various microorganisms encountered in this field.
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Introduction

The detection of bacteria responsible for food contamination
is a key step in the processes of the food industry. The
identification of pathogens is recommended by international
standards, including the International Standard Organization
(ISO), and these regulations define the process that should be
followed by operators to ensure the safety of food for con-
sumers [1]. Despite their effectiveness, the current identifica-
tion process standards are tedious and time-consuming. In our
case, the ISO 6579:2002 standard requires the detection of one
Salmonella cell in 25 g of a food sample. To perform this task,
the standard proposes a series of tedious steps (pre-enrich-
ment, enrichment, selective isolation, and incubation; Fig. 1).
The first step (pre-enrichment) is performed in buffered pep-
tone water (BPW), which increases the number of Salmonella
cells (if present in the sample) so that they are detectable and
compete with the microbiological species present in the sam-
ple. The enrichment step in Muller-Kauffmann tetrathionate
novobiocine broth (MKTTn) selectively promotes the growth
of Salmonella and inhibits Gram-positive bacteria. Bacterial
isolation with selective media indicates visually the presence
of Salmonella colonies. To assign a species name to the
isolated bacteria, each suspect colony is incubated on an agar
plate for 15 h, and the obtained colonies are identified by
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molecular, biochemical, or other methods [2]. This process
takes 4 to 5 days to confirm or deny the presence of this
pathogen in the analyzed sample. Simplifying this operation
and reducing the analysis time is essential to identify patho-
gens before the product is marketed.

Noninvasive strategies have attempted to provide microbi-
ologists more rapid and user-friendly methods to identify
bacterial contamination, such as surface plasmons resonance
[3], nuclear magnetic resonance [4], mass spectrometry [5], or
vibrational spectroscopy including infrared and Raman [6–8].
The use of Raman spectroscopy has been proposed for the
analysis of bacteria in various fields [9–11]. In fact, it has been
used to identify the presence of bacterial infections isolated
from clinical samples [12, 13] and to identify biological
contaminants in clean room air [14]. Despite this success,
the application of Raman spectroscopy in the food industry
is novel and relatively uncommon despite the benefits in this

field [15, 16]. This technique, not disrupted by water, the main
component of food samples, provides a considerable advan-
tage for the analysis of Clostridium in dairy products com-
pared with other vibrational techniques [17]. Raman
microspectroscopy can detect the presence of pathogens fre-
quently encountered in food samples; the lower limit of de-
tection with microspectroscopy is a single bacterial cell
[18–23]. However, the methods used to isolate microorgan-
isms can affect their identification by Raman spectroscopy.
The spectroscopic detection of certain serotypes of
Pseudomonas spp. and Escherichia coli in milk differed de-
pending on the method of isolation that was used [24]. Nev-
ertheless, the undeniable proof of concept provided by pub-
lished studies, the discrimination between bacterial species
remains very complex due to the nature of biological samples.
In fact, bacteria are living samples that are evolving with time,
and the continuous physiological changes in the composition

Fig. 1 Scheme representing the different paths introduced to apply
Raman spectroscopy to the 6579:2002 standards. Path A: Raman analysis
was performed on colonies isolated from BPW agar plates, path B:

Raman analysis of colonies isolated from XLD agar plates during the
selective isolation, and path C: Raman analysis of colonies isolated from
BPW agar plates after selective enrichment in MKTTn
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of bacterial cells complicate their identification by spectro-
scopic methods. Additionally, their spectral fingerprints de-
pend largely on the culture conditions and the procedure
followed for their identification. Some studies have demon-
strated the impact of physical factors such as culture media,
temperature, and incubation time, on the Raman spectra of
bacteria. For example, Harz et al. [25] noted that the Raman
spectra of E. coli displayed differences in the bands of trypto-
phan and phenylalanine when the bacteria were incubated at
different temperatures (30 and 37 °C). Other studies reported
significant variations in the intensity of nucleic acids bands for
Salmonella epidermidis cultured at different times (6, 30, 54,
and 72 h). Liu et al. [26] demonstrated that the decrease in the
intensity of bacterial nucleic acid bands after long periods of
incubation is mainly due to degradation of the genetic material
in the bacterial cells. Other than physical factors, bacterial
colonies are a source of variability between spectra as shown
by Maquelin et al. [27]. These fluctuations were attributed to
the presence of physiologically different bacteria, according to
their locations in the colony. Choo-Smith et al. [28] confirmed
that the spectra of colonies from the same bacterial species are
different depending on the incubation time. For analysis,
authors recommend the use of small colonies (short time of
culture).

To simplify the procedure of analysis, our study suggests
Raman spectroscopy as an identification method that allows
food manufacturers to quickly detect the presence of patho-
genic bacteria in their products. An experimental procedure
was proposed to improve the discrimination between the
spectra of bacterial colonies with respect to food analysis
requirements (robustness, reliability, and simplicity). Different
paths to use Raman spectroscopy in ISO 6579:2002 standards
are also suggested for the discrimination of bacteria and
validated on samples issued from food industry.

Materials and methods

Bacterial strains and culture conditions Three bacterial
strains were analyzed in this study: Salmonella enterica
typhimurium (CIP 58.58), E. coli K12 MG1655 (ATCC
700926), and Pseudomonas aeruginosa (CIP A22). These
strains were stored in cryotubes at −80 °C in buffered peptone
water (BPW). Precultures were carried out in flasks (100 ml)
containing 10 ml of BPW from cryotubes and then incubated
overnight at 30 °C with stirring at 250 rpm (Infors, AG CH-
4103, Bottmingen). Precultures were used to inoculate two
cultures an optical densities (OD620 nm initial)=0.1 in two flasks
(250 ml), each containing 65 ml of BPW. Growth was follow-
ed over time, 100 μl of bacterial culture are added in dispos-
able cuvettes (Brand GmBH, ref. 759015) containing 900 μl
of sterile BPW, and the OD was measured by a spectropho-
tometer UV–vis (Hitachi U 1800) at 620 nm.

Growth media

Buffered peptone water Buffered peptone water (Biokar, ref.
BK018HA) was prepared with 25.5 g in 1 l of deionized water
according to the manufacturer’s instructions. For agar plates,
15 g of bacteriological agar type E (Biokar, ref. A1012HA)
was added to 1 l of the liquid medium. These media were
autoclaved at 120 °C for 20 min. After sterilization, BPWagar
was poured into sterile petri dishes that were stored at 4 °C
until their use.

Muller-Kauffmann tetrathionate novobiocine enrichment
broth This medium was prepared by adding 89.5 g of the
dehydrated complete medium (Merck, ref. 1058780500) to 1 l
of deionized water. The mixture was heated at 95 °C for
15 min and homogenized regularly. After cooling to 50 °C,
20 ml of the iodine-iodide solution was added. The iodine-
iodide solution was freshly prepared by adding 5 g of potas-
sium iodide (KI) (Labogros, ref. 9016801) and 4 g of solid
iodine beads (I2) (Panreac, ref. 131771.1608) to 20 ml of
deionized water.

Xylose-lysine-tergitol 4 broth Xylose-lysine-tergitol 4 (XLT4)
agar was prepared by adding 59 g of dehydrated base medium
(Merck, ref. 1139190500) and 4.6 ml of tergitol 4 (Biokar, ref.
BS03908) to 1 l of deionized water. The medium was heated
slowly to boiling with constant stirring until all components
were dissolved. After cooling to approximately 50 °C, the
solution was poured into sterile petri dishes that were stored
at 4 °C for up to one month.

Xylose-lysine-deoxycholate broth (XLD) XLD agar was pre-
pared following the same procedure used for XLT4. Briefly,
55.2 g of dehydrated medium (Merck, ref. 1052870500) was
added to 1 l of deionized water. The mixture was heated and
stirred frequently until it had a transparent, red-orange color.
After cooling to approximately 50 °C, the solution was poured
into sterile petri dishes that were stored at 4 °C for up to
1 month.

Food samples Six food categories (rice, oat, wheat, maize,
chicken, and pork) received from anonymous industrial part-
ners were distributed in bags in 25-g aliquots and then stored
under vacuum at 4 °C until their use. These storage conditions
guarantee the chemical and the biological stability of samples
over time. Samples were prepared as described by Thouand
et al. [29]. Briefly, each sample was performed in duplicate; for
negative controls, Stomacher bags containing the food sample
and the culture medium (BPW). For positive controls, 10 μl of
S. typhimurium (OD620nm=2) were added to the food samples +
BPW (around 2.107 cells were added to the sample). The pre-
enrichment, enrichment, and selective isolation steps were per-
formed according to the ISO 6579:2002 standards.
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ISO 6579:2002 The incubation of samples was performed
according to the horizontal method described by ISO
6579:2002, which is used for the detection of Salmonella
spp. in food (Fig. 1). For pre-enrichment, 25 g of sample were
added to a Stomacher bag containing 275 ml of BPW (total
mass: sample + BPW=300 g); l0 μl of S. enterica
typhimurium (OD=2) were added only to positive controls.
After 18 h of incubation at 37 °C, 1ml of the resulting solution
was added independently to two flasks (100 ml), each con-
taining 10 ml of MKTTn broth. These cultures were then
incubated at 37 °C for 15 h with stirring at 100 rpm. After
the selective enrichment step in MKTTn, the cultures were
spread with a sterile loop onto XLD and XLT4 agar and
incubated for 24 h at 37 °C. After the selective isolation, two
to four isolated colonies on each selective medium were
collected using a sterile loop and cultured again on a BPW
agar plate for 15 h at 37 °C. Finally, the obtained colonies
were analyzed by Raman spectrometer, identified using API
strips (BioMérieux, ref. 20100), and an accredited analytical
laboratory confirmed the results (Laboratory for Analysis of
the Vendée, France).

Raman analysis The strains were grown in the recommended
conditions (temperature and growth media). For the analysis
of bacteria in different growth phases, 20 ml of each culture
were collected at different ODs: 2, 4, and 3.8. Samples were
centrifuged at 10,000 g for 5 min (Heraeus Primo R Biofuge,
Germany) and 10 μl of the obtained pellet were deposited
directly onto gold slides. In the case of colonies, after incuba-
tion, one isolated colony was spread onto gold surfaces using
the rounded tip of a sterile Pasteur pipette. In the both case, the
deposit was analyzed by Raman spectrometer after 5 min of
drying at room temperature. A total of 15 spectra were ac-
quired on each deposit and 4 to 5 colonies were analyzed from
each agar plate.

Gold surface preparation Gold surfaces were prepared ac-
cording to the procedure used at the Jean Rouxel Institute
(University of Nantes, France). Briefly, ordinary glass micro-
scope slides (ISO 8037, ref. RS, France) were cut into rectan-
gular areas (26×9×1 mm) and heated in freshly prepared
Piranha solution (70 % v/v H2SO4 and 30 % v/v H2O2) at
70 °C for 30 min. The surfaces were washed several times
with deionized water and ethanol (Labogros, ref. 9006902).
After drying, a 30-nm chromium layer (Sigma-Aldrich, ref.
266264) and a 100-nm gold layer (Goodfellow, ref.
AU005160/72) were deposited onto surfaces by physical va-
por deposition using Alcatel built machine.

Raman microspectroscopy measurements and analysis
conditions Raman spectra were performed using an Xplora TM

spectrometer (Horiba Jobin Yvon, Lille, France) driven by the
LabSpec software (V5). This device was equipped with multiple

gratings (1,800, 1,200, and 600 lines/mm), a camera CCD cooled
to −80 °C, and a BX41 Olympus microscope with multiple
objectives (LCLanN100xIR/0.85 and LMPLanFLN50x/0.5).
Analyses were performed at 785 nm and approximately
30mWon the sample. The spectral resolutionwas approximately
4 cm−1, and the spectral range was recorded from 400 to
1,800 cm−1. This region contained all the Raman bands neces-
sary for the discrimination of bacteria. For each spectrum, five
acquisitions of 15 s each were used for measurements.

Preprocessing spectra and data analysis Raman spectra were
processed using the Opus software (Bruker optics GmBH, V
6.5). Elastic concave (64° and 10 iterations) was used for
baseline corrections in the range of interest (400 to
1,800 cm−1). The Savitzky-Golay algorithm order 9 was used
to smooth the spectra. The maximum-minimum bands or
vector normalization was used to normalize the spectra.

Hierarchical cluster analysis (HCA) based on Ward’s algo-
rithm (squared Euclidean distance) and principal component
analysis (PCA) were used to make comparison between Ra-
man spectra (XLSTAT, Addinsoft v2008). Before classifica-
tion, the spectra were centered by subtraction of the average of
each group [30]. As first principal components explain the
majority of variance of the dataset, our argumentation and
observation was based on the PC1 and PC2 scores.

MATLAB (v.2013) and “SAISIR package” [31] was used
to perform analysis of variance (ANOVA) using the Anova1
function. The correlation coefficient between the spectra was
calculated using Opus software (option: spectra comparison).
For the selection of good spectra, spectra are compared with
the average spectrum of the exponential phase; only spectra
with a correlation ≥98.5% were selected to make comparison.

Results

Raman spectroscopy has been used to analyze S. enterica
typhimurium from liquid culture or colonies to evaluate its
introduction in ISO 6579:2002 standard. This method should
be robust, reproducible, and reliable for pathogen identifica-
tion in the industrial context. Preliminary results show a
significant variability between the spectra of bacterial colonies
(approximately 40 %), making discrimination between ana-
lyzed species impossible (Fig. 2). In fact, the hierarchical
cluster analysis performed on the spectra considering the total
spectral ranges (400–1,800 cm−1) indicates the absence of
separate clusters specific to each analyzed species; spectra of
S. enterica typhimurium, E. coli, and P. aeruginosa are fre-
quently classified in the same group. The observed confusion
between spectra prevents the direct use of Raman spectrosco-
py for pathogen identification.

4902 A. Assaf et al.



P.aeruginosa-3
P.aeruginosa-7
P.aeruginosa-6
P.aeruginosa-2
P.aeruginosa-5
P.aeruginosa-4

P.aeruginosa-10
P.aeruginosa-15
P.aeruginosa-13
P.aeruginosa-14
P.aeruginosa-17
P.aeruginosa-18

E.coli-28
E.coli-31
E.coli-32
E.coli-27
E.coli-30

S.typhimurium-28
S.typhimurium-29
S.typhimurium-30

E.coli-23
E.coli-39
E.coli-40
E.coli-24
E.coli-22
E.coli-36
E.coli-12

S.typhimurium-14
S.typhimurium-4

S.typhimurium-15
S.typhimurium-12
S.typhimurium-16

E.coli-18
E.coli-9

S.typhimurium-20
S.typhimurium-31
S.typhimurium-34
S.typhimurium-32
S.typhimurium-33
S.typhimurium-26
S.typhimurium-27

P.aeruginosa-11
P.aeruginosa-21
P.aeruginosa-12
P.aeruginosa-20

P.aeruginosa-8
P.aeruginosa-1
P.aeruginosa-9

P.aeruginosa-16
P.aeruginosa-19

S.typhimurium-35
E.coli-14
E.coli-33
E.coli-13
E.coli-29

S.typhimurium-10
S.typhimurium-8
S.typhimurium-5
S.typhimurium-6
S.typhimurium-7
S.typhimurium-9

S.typhimurium-25
E.coli-2
E.coli-3
E.coli-1
E.coli-4
E.coli-7
E.coli-5
E.coli-6

E.coli-15
E.coli-16
E.coli-17
E.coli-38

S.typhimurium-2
E.coli-19
E.coli-20
E.coli-21
E.coli-37
E.coli-34
E.coli-35
E.coli-25
E.coli-26

S.typhimurium-11
S.typhimurium-13
S.typhimurium-17
S.typhimurium-22
S.typhimurium-21
S.typhimurium-23
S.typhimurium-24

S.typhimurium-1
S.typhimurium-18
S.typhimurium-19

S.typhimurium-3
E.coli-10
E.coli-8

E.coli-11

94,5%

95,5%

96,5%

97,5%

98,5%

99,5%

Similarity
C

luster analysis
Fig. 2 Hierarchical cluster
analysis based on Ward’s
algorithm (squared Euclidean
distance) of Raman spectra of
three bacterial species:
Escherichia coli (1 to 40),
Salmonella enterica typhimurium
(1 to 35), and Pseudomonas
aeruginosa (1 to 21). Bacterial
colonies were cultured on BPW
agar plates at 30 °C for 18 h.
Raman parameters: λ=785 nm,
laser power=30 mW, objective:
LMPLanFLN50x /0.5, grating=
600 l/mm, and acquisition time=
15 s/5 cycles
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Raman analysis of S. enterica typhimurium in different growth
phases (liquid culture)

To improve the discrimination between strains, the effect of
bacterial age on the spectral fingerprint of S. enterica
typhimurium was studied. The influence of the growth phase
on the Raman spectra was measured in exponential phase
(OD620nm=2.0, approximately 4 h of culture), stationary phase
(OD620nm=4.0, approximately 15 h), and prolonged stationary
phase (OD620nm=3.8, approximately 24 h of culture).

Raman bands are assigned according to Maquelin et al.
[11]; our obtained spectra displayed several Raman band
intensity differences (Fig. 3). The most significant difference
observed between spectra was attributed to nucleic acids
bands (DNA and RNA at 778 and 810 cm−1, respectively).
The RNA/DNA ratios calculated from 30 spectra under the
test conditions were 0.77 (±0.06), 0.52 (±0.06), and 0.25
(±0.09) for the exponential, stationary, and prolonged sta-
tionary phases, respectively. This ratio can be collected
from a bacterial cell’s Raman spectrum and used as an
age indicator for that bacterial cell. The higher ratio was
close to 1 (intensity of RNA band is high), indicating that
the analyzed bacteria were in exponential phase. If the ratio

is lower, the bacterial cells are older. Other slight band
differences were found at 1,350, 1,450, and 1,660 cm−1;
these bands were attributed to protein and lipid structures.
The discrimination between spectra by principal component
analysis showed the presence of three separate groups that
were classified according to their growth phase (exponen-
tial, stationary, and prolonged stationary; Fig. 4). This
classification indicates that the dispersion of spectra is not
similar between groups, as the spectra of bacteria in expo-
nential and early stationary phases were homogeneous (the
correlation rate is 98 and 97 %, respectively), whereas the
spectra of the prolonged stationary phase were more dis-
persed (the correlation is approximately 90 %).

Discrimination between S. enterica typhimurium and E. coli
according to their growth phases (liquid culture)

The results presented above were used to discriminate be-
tween S. enterica typhimurium and E. coli, two species that
are very similar physiologically. The discrimination between
spectra obtained from different cultures of different ages con-
firms that the exponential phase is the best to discriminate
between these two species (Fig. 4). In fact, the Raman spectra

Raman shift (cm-1)

In
te

ns
ity

(a
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Nucleic Acid Proteins Proteins & lipidsProteinsCarbohydrates Lipids

Fig. 3 Raman spectra of Salmonella enterica typhimurium from liquid
culture (BPW) performed on different growth phases. A) spectrum at 4 h
of culture, B) spectrum at 15 h of culture and C) spectrum at 24 h of
culture. Areas colors were assigned based on the difference of intensity

between the Raman bands and their shapes. Raman parameters: λ = 785
nm, laser power = 30 mW, objective: LMPLanFLN50x /0.5, Grating =
600 l/mm and acquisition time = 15 seconds/5 cycles
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were separated into two groups. In contrast, bacteria in sta-
tionary phase formed two groups with very similar spectra and
were frequently classified as the same species, particularly
during prolonged stationary phase. Therefore, the exponential
phase was chosen as the best stage to discriminate between
bacterial species for two reasons: (1) the homogeneity of
spectra is very high, and (2) the culture time is approximately
4 h, which reduces the analysis time.

Raman analysis of S. enterica typhimurium and E. coli grown
on agar plates of BPW (bacterial colonies)

Despite the successful discrimination between bacteria that
have high-intensity RNA bands, Raman analysis of bacteria
from liquid culture in exponential phase is not a realistic pros-
pect for application in the food industry. In fact, this culture
method is not recommended for industrial application due to
the need to cultivate each suspect colony andmonitor its growth
over time in culture. ISO 6579:2002 standard is able to identify
bacteria from microbial colonies; this method of cultivation is
very practical, as bacteria in this form have the advantage of
being easily handled and stored. Despite these advantages,
colonies contain bacterial cells that are physiologically very
heterogeneous, fulfilling the requirement of a reliable process
to generate good spectra to ensure the best identification.

As previously noted, the exponential phase achieved the
best discrimination between bacteria. Thus, the average spec-
trum of this phase was considered as a reference spectrum.
After comparison, a correlation coefficient of 98.5 % with this
spectrum was necessary to obtain perfect identification
(100 %). Subsequently, this quality criterion was applied to
all of the spectra from randomly measured colonies. This
procedure aimed to select only spectra of bacterial cells in
the colony that are still in exponential phase (high intensity of

nucleic acid bands) and eliminate those that had a lower rate
with this criterion. The comparison between the spectra of
colonies cultured during 18 h and the average spectrum of
exponential phase revealed several good spectra. To determine
the minimum number of spectra required for optimal identifi-
cation, 15 spectra were collected from each colony, and 6
colonies in the same culture were analyzed. Out of 90 spectra
(15 spectra × 6 colonies), only 29 showed a correlation coef-
ficient ≥98.5 % with the average spectrum of the exponential
phase, a success rate of approximately 32 % (±0.75 %). Then,
the reproducibility of measurements was evaluated between
colonies from different cultures. Ninety spectra were collected
from 6 colonies from 6 different cultures, providing 26 spectra
with a correlation coefficient ≥98.5 % and a success rate of
approximately 28 % (±0.8). These results demonstrate the
collection of the same number of spectra selected from colo-
nies grown under the same incubation conditions despite their
affiliation to different cultures. This result indicates that the
operator must perform at least three spectra from the same
bacterial colony to obtain a reliable spectrum for identifica-
tion. The application of this strategy on the spectra of
S. enterica typhimurium and E. coli was effective. Figure 5
shows that the spectra are separated into two distinct groups
and that each is specific for one bacterial species. Therefore,
the selection of spectra from only young bacteria in a colony
improves the classification between strains.

Evaluation of the food matrix and the selective media effects
on the Raman spectra of S. enterica typhimurium

The standard applied to Salmonella spp. research can be
divided into several paths; only path (A) is required to identify
isolated colonies by the recommended methods (biochemical,
molecular, or otherwise). To simplify the analysis, two other

Fig. 4 Discrimination between
the Raman spectra of Escherichia
coli and Salmonella enterica
typhimurium grown for different
culture times (4, 15, and 24 h of
incubation). (Square) Spectra of
Salmonella enterica
typhimurium, (triangle) spectra of
Escherichia coli
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ways was considered to identify bacteria: path (B) directly
analyzes bacterial colonies inoculated on an agar plate con-
taining selective media (XLD and XLT4) and path (C) ana-
lyzes bacterial colonies inoculated on BPW agar plates after
the selective enrichment in MKTTn (Fig. 1).

The quality of the Raman spectrum is critical for the
identification process. Evaluating the impact of the food ma-
trix on the spectral fingerprint helps the operator to choose,
create, and organize the database necessary for the discrimi-
nation. The impact of two-sample matrix (oat and rice) was
evaluated on the quality of Raman spectra from S. enterica
typhimurium colonies isolated from positive cultures and in-
cubated following the entire process of the standard (path A in
Fig. 1). The data were compared with the reference spectra of
S. enterica typhimurium inoculated onto BPW agar plates
directly from precultures. ANOVA has been used on PC1
and PC2 scores of PCA done on this data to testing the level
of similarity from a statistic point of view. The ANOVA
results showed a p value equal to 0.0688. This value was
higher than 0.05, indicating that all sample spectra were not
significantly different at 95 % of confidence level (see Elec-
tronic Supplementary Material Fig. S1). Therefore, the food
matrix did not influence the final spectra. Next, the impact of
the selective growth media (XLD and XLT4) used in the ISO
6579:2002 standard was evaluated on the quality of
Salmonella Raman spectra. On this media, Salmonella colo-
nies often have a characteristic black color, while interfering

strains are yellow. Raman analysis of black colonies of
S. enterica typhimurium deposited on gold surfaces showed
that the spectra were disturbed by fluorescence; some bands,
from unidentified sources, were very different from the refer-
ence Raman spectra obtained from Salmonella colonies
grown on BPWagar.Washing the black colonies several times
with water or MgSO4 (10−2 M) did not eliminate the mole-
cules causing the spectral changes (see Electronic Supplemen-
tary Material Fig. S2). The spectra from young Salmonella
colonies (isolated before the appearance of the black color at
approximately 10 h of culture) lacked fluorescence, but they
were remarkably different from the spectra of Salmonella
grown on BPW agar plates (77 % of correlation), mainly in
the 400–1,200 cm−1 region. Given the small colony size,
many colonies were picked to perform the analysis. The
analysis of colonies after 48 h of culture (after disappearance
of the black color) showed new bands at 476 and 511 cm−1,
which were attributed to the chemical products present in the
selective media. These results show that even after the selec-
tive process, Salmonella should always be inoculated on BPW
agar plates to ensure the quality of the spectra.

Choice of the analysis path and the validation of protocol
in industrial food context

The analysis using path A requires 100 h and lots of incuba-
tion and isolation steps (Fig. 1). Path B cannot be used to

Fig. 5 Discrimination between the Raman spectra of Escherichia coli
and Salmonella enterica typhimurium colonies after the selection of good
spectra from bacteria (correlation ≥98.5 % with the spectrum of the

exponential growth phase). (Black square) Spectra of Salmonella enterica
typhimurium, (black triangle) spectra of Escherichia coli
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identify colonies grown on selective media because the media
interfere with spectra collection, complicating the bacterial
identification. To simplify the analysis, samples were inocu-
lated onto BPWagar plates after the selective enrichment step
in MKTTn (path C in Fig. 1), which reduced the analysis time
up to 50 h. The comparison between the obtained and refer-
ence spectra showed an average correlation rate of 98.5 %
(result not shown). This procedure was therefore adopted for
all remaining samples. Six types of samples were analyzed,
including four types of cereal (maize, rice, wheat, and oat) and
two types of meat (pork and chicken). Raman spectra of all the

isolated species other than S. typhimurium are plotted in
Fig. 6a; the visual inspection of these spectra detected differ-
ent bands of the S. enterica typhimurium fingerprint, mainly in
the 400–800 cm−1 region. Principal component analysis of
approximately 150 spectra showed the presence of 5 distinct
groups (Fig. 6b). The S. enterica typhimurium introduced into
samples (positive cultures) were classified in a separate group.
Isolated strains were classified into groups according to their
similarities. The spectra of Citrobacter freundii (isolated from
oat and pork samples) and Citrobacter youngae (isolated from
chicken) were classified into two neighboring groups. The
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Fig. 6 a Comparison between
Raman spectra of different
species isolated from food
industry samples via path C. ES:
Enterobacter sakazakii isolated
from maize samples, EC:
Enterobacter claocae isolated
from rice and pork samples, CY:
Citrobacter youngae isolated
from chicken, CF: Citrobacter
freundii isolated from oat and
pork samples, KP: Klebsiella
pneumonia isolated from wheat
and oat samples. Raman
parameters: λ=785 nm, laser
power=30 mW, objective:
LMPLanFLN50x /0.5, grating=
600 l/mm, and acquisition time=
15 s/5 cycles. b Discrimination
between Raman spectra of
Salmonella enterica typhimurium
(black triangle) and bacterial
species isolated from various
samples. (Gray square)
Enterobacter cloacae isolated
from rice and pork samples,
(red circle) Klebsiella pneumonia
isolated from wheat and oat
samples, (blue square)
Citrobacter youngae isolated
from chicken, (diamond)
Citrobacter freundii isolated from
oat and pork samples, and (brown
square) Enterobacter sakazakii
isolated from maize samples.
Raman parameters: λ=785 nm,
laser power=30mw, and i=10 s×
5 cycles. The average values from
five Raman spectra were used in
this figure
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group formed from the spectra of Enterobacter sakazakii
(isolated frommaize) and Enterobacter claocae (isolated from
rice and pork samples) were very close. Finally, Klebsiella
pneumonia spectra were isolated from wheat and oat samples.
Thus, Raman spectroscopy discriminated between species of
the same genus at an early stage of the identification process.

Discussion

Raman spectroscopy identifies microorganisms very quickly
based on their spectral fingerprints without the use of reagents
[32–34]. This identification method is comparable to pheno-
typic and genotypic methods and its discriminatory power is
very high for bacterial species of different families [10, 35,
36]. Regardless of the power of this technique, this study
demonstrates that using Raman spectroscopy to discriminate
between physiologically closely related bacterial species, such
as S. enterica typhimurium and E. coli K12, should follow a
standard procedure. Otherwise, the discrimination between
these strains is difficult (Fig. 2), reducing the utility of this
technique for the reliable identification of bacteria in an in-
dustrial context.

The analysis of bacterial suspensions of S. enterica and
E. coli according to their growth phases demonstrated that the
Raman spectra of these species depend on their physiological
state, in accordance with previous studies [26, 37]. The dif-
ferences are remarkable, especially for the region of nucleic
acid bands. Moreover, the results demonstrate the existence of
a relationship between the age of a bacterium and its ability to
be identified. In fact, it is preferable that the bacteria are in the
exponential growth phase for identification. The heterogene-
ity between spectra from the colonies is related to the presence
of bacterial cells in several physiological states. This charac-
teristic complicates the application of this cultivation method
for the identification due to the high variability observed
between spectra. To reduce this variability, the use of small-
sized colonies was proposed because at this stage, bacteria are
homogenous [28]. In contrast, a procedure to select the spectra
of bacteria was proposed in our study without changing the
usual conditions described by ISO 2002:6579. For identifica-
tion, only the spectra corresponding to the quality criterion
with a correlation coefficient ≥98.5 % relative to the spectrum
of the exponential growth phase was selected. A minimum of
three spectra were needed to be assessed from a bacterial
colony to obtain at least one that is suitable for the identifica-
tion. The use of these selection criteria could successfully
discriminate between species that are physiologically closely
related, and it shows that the application of a standardized
procedure improves the discriminatory power of Raman
spectroscopy.

Our analyses were performed on samples from the food
industry, while other studies have mostly used laboratory
samples that are more easily controlled and manipulated [19,
38]. The same problems and the same difficulty were encoun-
tered as in industrial operations for analyzing samples with
unknown contaminants. In our conditions, the food matrix did
not affect the identification of contaminants if the bacteria
were inoculated on the same growth media. Spectra of
S. enterica typhimurium were grouped together despite their
different origins (reference spectra and those from bacteria
isolated by the enrichment process). While our study showed
that the quality of Raman spectra depended on the culture
media, the problem of detection related to the isolationmethod
mentioned by Meisel et al. [24] was resolved with a standard-
ized method using BPW agar plates. Following the entire
process of the standard (path A), the colonies of S. enterica
typhimurium were identified; in this case, Raman spectrosco-
py is comparable to other identification techniques proposed
by the ISO standard. Nevertheless, the method is very rapid
(50 s/spectrum) and did not require any extraction of the
cellular materials as for polymerase chain reaction (PCR).
Spectra from colonies grown on agar plates containing selec-
tive media showed that path B could not be used during
identification, as many Raman bands were generated by the
selective media. The analysis of colonies at different growth
stages on selective media did not provide interesting results.
The good discrimination provided by path C (bacteria inocu-
lated fromMKTTn broth media) confirmed that this approach
is a potential alternative for industrial applications. This ap-
proach significantly reduced the analysis time by 50 %; it also
reduced the number of isolation and culture steps, which
simplified the analysis procedure. Path C has other interesting
advantages; following this path, the easy process provided by
Raman spectroscopy may be possible in the identification of
the most cultivable bacteria after theMKTTn enrichment step.
If the standard process had only been used, pathogens such as
E. sakazakii and other dangerous species would not have been
identified in the industrial samples.

Conclusion

Raman spectroscopy offers manufacturers an interesting tool
to systematically monitor their production due to its speed and
ability to identify pathogens. Despite the advantages of this
technique, some of the pitfalls associated with species vari-
ability remain to be overcome. This study proposes an exper-
imental approach to improve the discrimination between bac-
terial colonies with the goal of introducing this technique in
the ISO (6579:2002) standard. Our study showed that the
exponential phase is the best for identifying bacterial species.
A procedure was proposed to select spectra from young
bacterial cells by comparing the spectra performed on colonies
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with the average spectrum of the exponential phase. After
selection, the spectra of S. typhimurium and E. coli were
identified at 100 %. Results show that the food matrix did
not affect the discrimination between bacteria cultivated by
the standard process (path A). Despite its efficiency, the stan-
dard method requires a series of culture and isolation steps,
which are often too time consuming and tedious to be used
routinely. Given that bacteria on selective media cannot be
analyzed directly, the colonies inoculated on BPW agar after
the selective enrichment step (path C) were analyzed. The
advantages of this path include simplicity and reduced time
(analysis time is reduced up to 50 h from the 100 h required by
the standard). This path enabled the identification of bacterial
strains in only three steps. In contrast, the standard identifica-
tion method requires at least five culture steps to confirm the
presence of one bacterial species (Salmonella spp.). Thanks to
Raman spectroscopy, it is possible to make the identification
of most cultivable bacteria after the MKKTn enrichment; the
mesh size is then narrowed and much more pathogenic bac-
teria can be identified in a limited time and steps. Despite the
advantages of the proposed method, this procedure should be
validated with other types of samples; this validation will be
addressed in future studies.
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