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Ionization Time-of-Flight Mass Spectrometry
Practical Application of the Highly-Accurate Bacterial 
Discrimination Software "Strain Solution Ver. 2" with the iDplus

Teruyo Ojima-Kato1, Hiroto Tamura1, 2, Naomi Yamamoto2, Keisuke Shima3

Abstract:
We successfully achieved serotype-level discrimination of enterohemorrhagic Escherichia coli using a proteotyping method (the S10-GERMS method) 
with markers consisting of ribosomal proteins detected during bacterial measurements using matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry (MALDI-TOF MS). In the future, this technique could be utilized as a routine method for the discrimination of bacteria at levels finer 
than the species level, which has thus far not been possible with conventional MALDI-TOF MS fingerprinting-based microbial identification methods.
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Fast and accurate microbial identification is needed on a routine basis during the 
manufacturing of food products and pharmaceuticals, as well as in clinical mi-
crobiological testing. In particular, the rapid identification of pathogenic microor-
ganisms and microbial contaminants (opportunistic bacteria) has become in-
creasingly important. Conventional microbial identification methods generally 
include physiological and biochemical tests as well as DNA nucleotide sequence 
analyses targeting 16S rRNA gene sequences. However, these techniques are as-
sociated with the following challenges: 1) they lack rapidity; 2) they are labor-in-
tensive and require expertise; 3) for some bacterial species, detailed identifica-
tion is impossible beyond the genus or species level; and, importantly, 4) the dis-
crimination of pathogenic microorganisms requires the use of costly reagents 
(e.g., antisera/antibodies). Thus, methods based on matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDI-TOF MS) have received 
wide attention as new techniques for the rapid identification of microorganisms. 
MALDI-TOF MS is attractive owing to its simplicity and convenience, and the fact 
that it allows for the rapid processing of multiple samples. Basically, analyses can 
be carried out by simply mixing microbial samples from a single colony with an 
extremely small amount of matrix solution (ionization adjuvant). In addition, the 
required analysis time of this method is less than 1 minute per sample, which 
allows for processing multiple samples in a short amount of time. Microbial iden-
tification methods using MALDI-TOF MS have been spreading rapidly since the 
late 2000s, mainly in the field of clinical microbiological testing, and were ap-
proved by the United States Food and Drug Administration in 2013. The proce-
dure of microbial identification using MALDI-TOF MS consists of acquiring the 
mass spectrum of a microbial sample and matching it with the mass spectra of 
various bacterial species that are previously recorded in a database (fingerprinting 
method). Although the fingerprinting method allows for identification up to the 
genus and species levels, it does not allow for detailed discrimination of the sero-
types of important food poisoning-related pathogens such as Escherichia coli 
and Salmonella. Therefore, we developed a method for discrimination of the se-
rotypes of food poisoning-causing bacteria using the proteotyping method*1 
S10-spc-alpha operon Gene Encoded Ribosomal protein Mass Spectrum (S10-
GERMS method) [1], which enables discrimination of microorganisms with high 
accuracy, surpassing that of the fingerprinting method. In addition, a highly-ac-
curate bacterial discrimination software named Strain Solution Ver. 2 was devel-
oped, which is compatible with the iDplus (Fig. 1). In this communication, the use 
of MALDI-TOF MS and Strain Solution Ver. 2 for the discrimination of microor-
ganisms to the level of serotypes is introduced, and an example of the applica-
tion of the method for enterohemorrhagic Escherichia coli*2 is described [2].

1. Introduction1. Introduction *1 proteotyping method:
In this method, protein components detected by MALDI-TOF MS are used as 
biomarkers for the discrimination of microorganisms. The biomarkers used 
for proteotyping are specified in advance on the basis of the nucleotide se-
quence data of the target gene. Compared to typing methods based on ge-
netic techniques such as the conventional DNA sequencing method, proteo-
typing using MALDI-TOF MS offers the advantages of being faster, simpler, 
and easier to use. If the genome sequence of the targeted bacterial species 
has not yet been decoded, proteotyping can still be carried out by decoding 
the base sequence of the S10-spc-alpha operon, which encodes approxi-
mately half of all ribosomal proteins. The S10-GERMS method was devel-
oped by the Department of Environmental Bioscience, Faculty of Agricul-
ture, Meijo University, and by the Environmental Measurement Technology 
Group, National Institute of Advanced Industrial Science and Technology.

*2 Enterohemorrhagic Escherichia coli:
Nearly 200 different serotypes of Escherichia coli (type O antigen) have 
been reported thus far, but the Shiga toxin-producing serotypes O157, 
O26, and O111 are the major pathogens responsible for food poisoning, 
and are therefore the most problematic. However, bacterial identification 
methods using conventional fingerprinting techniques are limited to the 
species level, which does not allow for determination of serotypes.

The S10-GERMS method identifies the genes encoding the proteins 
(biomarkers) detected as mass peaks by MALDI-TOF MS that are spe-
cific to serotypes or strains of microorganisms. As a result, a database 
of the theoretical masses of mass peaks that could potentially be used 
as biomarkers for the distinction between serotypes or strains can be 
constructed on the basis of the DNA sequence information of the 
gene as well as on the basis of the actual measured values. Strain So-
lution Ver. 2 matches the list of the mass peaks obtained from the 
sample with the database of theoretical values.
Unlike fingerprinting methods, the components of the biomarkers 
used in this method are well-defined, and therefore discrimination 
can be achieved even if the difference consists of only a single amino 
acid mutation resulting from a single-base mutation. For this reason, 
this method is also useful for the molecular phylogenetic analysis that 
follows microbial identification, as well as for the analysis of mixed 
samples (which will be described later).
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Fig. 1 iDplus and Strain Solution

3. Application of the Method3. Application of the Method
Here, we introduce the development of a database aimed at distin-
guishing among the major serotypes of enterohemorrhagic Esch-
erichia coli, namely O157, O26, and O111, and provide an example 
of the analysis using Strain Solution Ver. 2.

3-1. Development of a Database Designed 
 for Use with Strain Solution Ver. 2
3-1. Development of a Database Designed 
 for Use with Strain Solution Ver. 2
First, 50 strains of Escherichia coli with various types of O antigens 
were obtained from culture collections; measurements were carried 
out with MALDI-TOF MS (iDplus), and biomarker proteins that could po-
tentially be used as indicators for serotype discrimination were select-
ed. Genomic information or experimentally analyzed DNA sequence 
data were matched with data from actual measurements using 
MALDI-TOF MS, and a table of the theoretical masses of the selected 
biomarkers was created (Fig. 2). As a result, we found a number of 
biomarker candidates that showed mass numbers characteristic to 
each Escherichia coli serotype, and we were able to distinguish 12 
groups (groups A–L) among the 50 strains of Escherichia coli.
Among these groups, we found that the presence or absence of the 
acid-stress protein HdeB (m/z 9066.2), the ribosomal protein subunits 
S15 (m/z 10166.6 or 10138.6) and L25 (m/z 10676.4 or 10694.4), as 
well as the DNA-binding protein H-NS (m/z 15409.4 or 15425.4) 
were characteristic of serotypes O157, O26, and O111, the major se-
rotypes of enterohemorrhagic Escherichia coli. These biomarkers 
were also useful for distinguishing between the aforementioned se-
rotypes and other Escherichia coli strains and serotypes.

3-2. Verification Using Wild-Type Strains3-2. Verification Using Wild-Type Strains
We carried out a verification of the practicality of the developed data-
base using 45 wild-type strains of Escherichia coli of various sero-
types, which were isolated from food poisoning patients as well as 
from food samples (Table 1) [3]. The strains were cultured in tryptone 
soy agar medium and common Escherichia coli selective media 
(desoxycholate agar medium, CT-SMAC medium, Chromagar X-gal 
medium, and VRBL medium). Specifically, the following steps were 
carried out for the verification (Fig. 1).
(1) On the basis of the theoretical mass list shown in Fig. 2, the 

marker peaks of HdeB, S15, L25, and H-NS of Escherichia coli 
strains O157, O26, O111, and K12 were recorded in the Strain 
Solution Ver. 2 database.

(2) Single colonies (approximately 107 cells) of the wild-type strains 
used in the verification experiments were cultured on agar 
medium and smeared on metal plates for analysis, and then mixed

 with 1 μL of matrix solution (20 mg/mL sinapic acid, 50% acetoni-
trile, 1% trifluoroacetic acid).

(3) Analyses were carried out using the iDplus, and mass spectra were 
obtained.

(4) Using Strain Solution Ver. 2, the list of mass peaks in the resulting 
mass spectrum was matched with the marker peaks registered in 
the database.

Table 1 Escherichia coli Strains Used in the Verification Experiments [3]
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Theoretical mass database
Group of mass pattern

A B C D E F G H I J K L
Number of strains 14 2 2 9 3 1 1 4 1 1 1 2 5 1 1

Protein Coded
operon

O157 O157 O111 O26 O121 O128 O152 - O115 O119 O63 - K12 - - - - O150

L23 S10 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1 11147.1 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1 11200.1
L24 spc 11186.0 11186.0 11186.0 11186.0 11186.0 11186.0 11186.0 11186.0 11186.0 11186.0 11216.0 11216.1 11186.0 11186.0 11186.0 11186.0 11186.0 11216.1
S14 spc 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11450.3 11464.3 11450.3 11450.3
L15 spc 14967.4 14967.4 14967.4 14967.4 14967.4 14967.4 14967.4 14967.4 14981.4 14945.0 14967.4 14967.4 14981.4 14981.4 14981.4 14967.4 14967.4 14967.4
S11+Me alpha 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13728.8 13756.8
S15 10166.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10138.6 10137.6 10138.6 10138.6 10138.6
L25 10676.4 10694.4 10694.4 10694.4 10694.4 10694.4 10694.4 10694.4 10694.4 10694.4 10693.5 10693.5 10694.4 10694.4 10694.4 10694.4 10693.5 10693.5
HdeB - - 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2 9066.2
H-NS 15409.4 15409.4 15425.4 15425.4 15409.4 15409.4 15409.4 15409.4 15409.4 15409.4 15409.4 15409.4 15409.4 15409.4 15882.0 15409.4 15409.4 15409.4

Biomarker peaks allowing for discrimination among Escherichia coli O157, O26, and O111
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Fig. 2 Construction of the Database Used for Distinguishing Between Serotypes of Enterohemorrhagic Escherichia coli on the Basis of the S10-GERMS Method.

The results of discrimination using the cluster analysis function of Strain 
Solution Ver. 2 are shown in Fig. 3. The strains were broadly classified into 
the following four clusters: serotype O157 (cluster A), other serotypes 
(cluster B), serotypes O26 and O111 (cluster C), and serotype O157 
(cluster D). The percentage rates of correct discrimination of the serotypes 
O157 (12 strains) and O26/O111 (13 strains) were 92% (11/12 strains) 
and 100% (13/13 strains), respectively. These findings showed a high 
degree of concordance with the results of the determination of serotypes 
using conventional methods. However, the 11 strains of the Shiga toxin-
producing serotype O157 were classified with a 100% discrimination rate 
in the cluster of O157 (D), revealing that Escherichia coli O157 KB0341-2 
(a non-shigatoxin producing strain), which was classified as "others" 
(cluster B), was different from the common O157 strains. In addition, 
O121 KB0747 had no HdeB peak; therefore, it was classified in the same 
group (group A) as GTC14550, a rare strain within the O157 serotype.

Fig. 3 shows the results of measurements conducted on colonies that 
were grown on tryptone soy agar medium, but similar results were also 
obtained from strains grown in various types of selective media. Of 
course, it is necessary to carry out verifications on a number of other 
samples as well; however, these results showed that our database and 
serotype discrimination by proteotyping seems to be effective for most 
wild-type strains. Another advantage of this method is that it allows for 
analyses to be conducted for colonies grown on selective culture media 
that are used in official methods as well as for those used in indepen-
dent tests. As a result, this method can be applied to a wide variety of 
samples without having to change the conventional microbial testing 
process. The database described in this study is available as an option 
in the software Strain Solution Ver. 2. Further original databases can 
also be created depending on the purpose.
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 Strains registered in the database are shown in black, and wild-type 

 strains used in the verification experiments are shown in red.
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3-3. Mixed Samples3-3. Mixed Samples
Here, Escherichia coli strain K12, which is a common strain used in ex-
periments, was mixed at various ratios with the enterohemorrhagic 
Escherichia coli strain O157, and analyses were carried out using 
MALDI-TOF MS to verify whether Strain Solution Ver. 2 could identify 
the mixtures with three biomarkers as indicators. The results showed 
that when O157 was mixed at ratios of 10% to 80%, the software 
was able to correctly determine that the samples were mixtures of 
O157 and other Escherichia coli (K12 strains). When the samples 
were mixed at ratios of 40% to 70%, all three biomarkers were rec-
ognized as two mass peaks (Fig. 4) [3].
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Fig. 4 Discrimination of Mixed Bacteria

Similar to conventional microbial identification methods, bacteria 
normally need to be isolated prior to analysis with MALDI-TOF MS; 
however, if closely related bacterial strains are mixed together, they 
cannot be distinguished from each other through the standard fin-
gerprinting method. Therefore, such functions of Strain Solution Ver. 
2 are useful for monitoring human error when dealing with several 
closely related bacterial strains. This is beneficial for the management 
of the quality of starter bacterial strains used in the food industry, as 
well as culture collections for the management of their microbial col-
lections.

4. Conclusion and Future Prospects4. Conclusion and Future Prospects
Due to the rapidity and simplicity of MALDI-TOF MS, its use and appli-
cations are rapidly expanding in various fields, including for microbial 
control such as in clinical settings, the pharmaceutical industry, and 
the food industry. Several studies have reported the use of MALDI-
TOF MS for direct measurements of bacteria from blood culture 
media and food samples in recent years, and simpler analyses with 
higher accuracy are needed. The proteotyping technique using Strain 
Solution Ver. 2 based on the S10-GERMS method allows for distin-
guishing the small changes in the mass of selected biomarkers with 
high sensitivity, which has thus far not been considered important. 
Therefore, this method can potentially be utilized in a wide range of 
applications, not only in the discrimination of serotypes or strains of 
single microorganisms but also in the detailed analysis and diagnosis 
of the intestinal flora or bacterial mixtures that do not allow for sin-
gle-strain isolation.
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