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Abstract: The method of direct mass spectrometry profiling is reliable and reproducible for the rapid identification of clinical
isolates of bacteria and fungi. This is the first study evaluating the approach of MALDI-TOF mass spectrometry profiling for
rapid identification of carbapenemase-resistant enterobacteriaceae (CRE). Proof of concept was achieved by the discrimination
of CRE using MALDI Biotyper MS based on the protein. This profiling appears promising by the visual observation of consist-
ent unique peaks, albeit low intensity, that could be picked up from the mean spectra (MSP) method. The Biotyper MSP creation
and identification methods needed to be optimized to provide significantly improved differences in scores to allow for subspe-
cies identification with and without carbapenemases. These spectra were subjected to visual peak picking and in all cases; there
were pertinent differences in the presence or absence of potential biomarker peaks to differentiate isolates. We also evaluated this
method for potential discrimination between different carbapenemases bacteria, utilizing the same strategy. Based on our data
and pending further investigation in other CREs, MALDI-TOF MS has potential as a diagnostic tool for the rapid identification
of even closely related carbapenemases but would require a paradigm shift in which Biotyper suppliers enable more flexible
software control of mass spectral profiling methods.
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Introduction

The considerable time and labour requirements of

existing methods of microbial identification with the

gradually relevant and pressing need for rapid and reliable

techniques to identify microorganisms have inspired

interest in the development of alternative microbial

identification approaches.1 Polymerase chain reaction

(PCR) of microorganisms remains the gold standard and

although reliable, it is more expensive and requires a higher

degree of expertise.1,2

Mass spectrometry-enabled methods have been the

subject of intense interest over the past decades.3-10 The

wide and rapid applicability of mass spectrometry have

inspired optimism that this technology has unique potential

to revolutionize microbial identification. MALDI TOF MS-

based approaches have been one of the most popular

expertise used in this field, first due to the relatively simple

sample preparation required and secondly because of the

short analysis time, high sensitivity accuracy and the speed

at which data can be acquired and analysed.11,12 Strain-

typing can allow for discrimination of pathogenic from

non-pathogenic strains and drug resistant from drug

susceptible bacteria.1 A recent review demonstrated that

although identification of bacteria to the strain level has

been achieved after 17 years of development, several

difficulties with the conventional method still pose a major

challenge for wider application.1 We believe that the utility

of this technology at strain-typing level requires a paradigm

shift from conventional methods. We propose expansion

and optimization of a recent approach that has the potential

to realize the aspiration to routinely discriminate between

bacteria at the strain level. This will require more flexible

software control of mass spectral profiling methods by

focusing on unique matchless low intensity peaks.

Studies focusing on the protein MS profiling to identify

antimicrobial resistance have also been published, such as for
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methicillin resistant Staphylococcus aureus (MRSA),13,14

which can be applied to the MALDI Biotyper as a

conventional method for biotyping of drug susceptibility.

To the best of our knowledge, this is the first publication

reporting any attempt at differentiating drug resistant

bacteria strains via MALDI Biotyping; and none has been

done on carbapenemase producing bacteria. 

The aim of this study was to explore the potential of mass

spectral protein profiling for the identification of Enteroba-

cteriaceae at the subspecies level and to rapidly discriminate

carbapenemase-producing Enterobacteriaceae. Thus, we

provide proof of principle for a MALDI Biotyper solution

through modified MSP methods by focusing on matchless

low intensity peaks, (i.e. consistent and unique peaks) to

improve discrimination between strains of bacteria. This

provides a rapid method to differentiate between bacteria

producing different carbapenemases and can potentially

serve as a point of care diagnostic tool. 

Experimental

Bacterial isolates and preparation of intact cell

Bacterial isolates of Klebsiella pneumoniae, Enterob-

acter cloacae, Enterobacter asburiae, Escherichia coli and

Serratia marcescens expressing different, and well

characterized carbapenemases, viz., (KPC-2, KPC-3, GES-

5, NMC-A, VIM-1, VIM-2, VIM-19, NDM-1, NDM-4,

IMP-1, IMP-8, IMP-11, SME-1, SME-2, OXA-48, OXA-

181) belonging to the molecular classes A, B and D were

purchased from France (Institut National de la Santé et de la

Recherche Médicale, Paris, France). This group had

previously characterized these isolates for their beta-

lactamase content at molecular level.15 All isolates were

sub-cultured in Nutrient Agar medium (OXOID England)

at 37oC for 24 h. Fresh bacterial cells were transferred into

protein LoBind tubes (Eppendorf, Germany) containing

sterile MilliQ water which was adjusted to an optical

density of OD600 = 0.8, then protein extraction method was

adapted from that described by Wang et al..14 Mass spectra

were acquired in duplicate batches for each isolate.

Mass spectrometry tests

Mass spectra were acquired using a MALDI-TOF mass

spectrometer (Bruker Daltonics) equipped with the nitrogen

laser. Spectra were registered in the linear mode of positive

ions (20 kV) in the range of molecular masses m/z 2000 -

20000. The spectra were externally calibrated using the

Bruker Bacterial Test Standard (BTS) obtained from Bruker

Daltonics Germany. Each spectrum was acquired with 240

laser impulses (40 impulses with various spot points). The

programmed software (flexControl version 3.4 build 119,

flexAnalysis version 3.4 build 70 and ClinProTools version

2.2 build 83) was employed for acquiring, treatment, and

analysis of mass spectra for differentiation of isolates at the

strain level to differentiate drug resistant strains from the

susceptible ones investigated. This clustering version of

mass spectra is an approach based on the use of algorithms

of the ClinProTools software, which was initially

developed for search of protein markers of various

oncological diseases.16,17 Identification was performed

using the MALDI Biotyper 3.1 software (Bruker Daltonics)

by comparing experimental spectra with the reference

library of the database containing 4613 spectra of various

microorganisms. Species identification was considered

reliable, when the score calculated exceeded 2.300. The

score from 2.000 to 2.299 provided reliable genus

identification only.

Results and Discussion

Optimisation of the method with carbapenemase-pro-

ducing E. coli

MALDI-Biotyper identification with standard methods

Primary bacteriological species identification of all

selected E. coli15 was confirmed by MALDI-TOF MS

profiling. The database was reliable in identifying the E.

coli species with confident scores of 2.4 to 2.5 when the

standard methods for MSP creation and identification were

employed (between the mass ranges of m/z 2000 to 20000).

The carbapenemase enzymes IMP-1, NDM-1 NDM-4,

OXA-48 and VIM-2-producing E. coli were best matched

to E. coli DH5alpha, while KPC-2 and VIM-1 was best

matched to E. coli MB11464 when analysed on the current

database of the Biotyper method with scores between 2.5

and 2.7. In all cases, E. coli ATCC 25922 was the second or

third best matched with scores between 2.3 and 2.4. These

scores leave no room for incorporating a subspecies

identification profile. The obtained results corresponded

with that from the rapid detection of CRE.15

ClinProTools analysis of spectra

A virtual gel view representation of data derived from E.

coli isolates is shown in Figure 1a and a zoomed in view

can be seen in Figure 1b. Its clear from Figure 1a that there

are pertinent differences in the presence and intensity of

peaks between the spectra that should allow for subspecies

identification. All individual spectra are shown on a density

scale and this gel view shows the intensity distribution of

the relevant signals in the different samples much better

than just the raw spectra. 

The common peaks generated by these isolates appearing

at m/z 4364, 5383, and 6256 were used for normalization of

the raw spectra to provide a gel view (Figure 1b). We

selected a region that incorporated the common peaks to

illustrate the effectiveness of visual peak picking to assist in

differentiating between the isolates. The drug susceptible E.

coli ATCC 25922 control strain was visually differentiated

from the carbapenemase-producing bacteria and the most

notable being the presence of high intensity bands at m/z

4612 and 4769 while there was an observed lower intensity
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band at m/z 5096. NDM-1 and NDM-4 were distinguishable

by high intensity bands at m/z 5755 while the latter also

displayed an exclusive high intensity signal at m/z 6538.

IMP-1 exhibited a distinctly stronger band at m/z 3673 that

is present in all of the other isolates but with much lower

intensities. This procedure appears therefore to be capable

of generating significantly different m/z signals that may be

employed in the differentiation of these isolates via a

biomarker approach.14

Three groups of isolates were chosen randomly to

investigate the significance of using this biomarker

approach to identify several mass peaks that could result in

a fingerprint. ClinProTools provides a list of peaks selected

according to statistical importance based on the intensity

and/or the presence of peaks only, to differentiate between

the selected isolates. The visual peak picking was based on

the presence of identifying exclusive peaks between spectra,

and this enabled the detection of significant differences

amongst E. coli isolates producing the carbapenemases

(Table 1). The comparison of drug susceptible E. coli ATCC

25922 and E. coli producing VIM-2 enzyme showed seven

peaks distinctive to the standard strain while thirteen peaks

unique to the carbapenemase-producing bacteria. Within

the carbapenemase-producing bacteria, we compared VIM-

1 to KPC-2 and NDM-1 to OXA-48 as an illustration. Five

peaks were matchless to KPC-2 and two to VIM-1 by

visualization, while NDM-1 versus OXA-48 showed two

and four exclusive peaks respectively. 

In order to differentiate the selected isolates, the

ClinProTools specified a list of peaks arranged according to

the statistical significance where the notified distinction

was the changes of intensity in general, Figure 2 (left).

Moreover the visual investigation was based only on the

exclusive unique peaks Figure 2 (right). The default

statistical peak lists did not provide enough significance to

the lower intensity exclusive peaks as compared to intensity

differences between common peaks. Current software does

not allow manual changes to the default method.

MALDI-Biotyper identification with modified MSP

methods

We generated a mass spectrum profile (MSP) of the

Figure 1b. Zoomed in gel view comparing a susceptible strain

type and carbapenem resistant E. coli isolates. A) common

bands used for normalization of spectra; B) bands that

differentiate susceptible strains from resistant isolates; C)

biomarker bands for NDM-1 and NDM-4; D) band exclusive to

NDM-4; E) higher intensity band for IMP-1.

Figure 1a. Gel view of a susceptible strain type with

carbapenem resistant E. coli isolates. The gel view shows all of

the loaded spectra files arranged in a pseudo-gel like style. The

x-axis records the m/z values from 2000 to 12000. The y-axis

displays the running spectrum number initiating from

subsequent spectra loading. The peak intensity is expressed as a

colour scale. The colour bar and the right y-axis indicate the

relation between the colour with which a peak is displayed and

the peak intensity in arbitrary units.

Table 1. Comparison of ClinProTools statistics vs visual peak

picking randomly

Isolates
ClinProtool 

Peak picking 
Visual peak picking

ATCC 

25922

Vs

VIM-2*

ATCC 

peaks

4769(I*); 

4613(I)

3074; 3177; 3205; 4425; 

6547; 6809; 6826

VIM-2 

peaks

6508(I); 

5124(E); 

3823(E*)

2370; 2405; 3084; 3509; 

3823; 5124; 5459; 

5538; 8326; 8431; 8458; 

8793; 10463

KPC-2

Vs

VIM-1

KPC-2 

peaks

10478(E); 

5239(E)

5239; 5557; 8451; 

10478; 11113

VIM-1 

peaks

9717(I); 9067(I); 

10562(E)
5283; 10562

NDM-1

Vs

OXA-48

NDM-1 

peaks
7085(E) 7647; 7085

OXA-48 

peaks

8430(E); 7393(E); 

5238(I); 5858(E)

5858; 7085; 

7393; 7525

*(I = Intensity, E = Exclusive)

*The designations e.g VIM-2 used here represent different

classes of CRE enzymes producing E. coli. 
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standard control strain ensuring that the creation method

included all of the peaks that were identified as exclusive

between the species. MSP is a reference spectrum or more

accurately a reference peak list that is assigned to a species or

strains. Subtyping MSPs are used to distinguish between

closely related species. In addition to extracting information

on peak frequency and peak intensity distribution,

subtyping MSPs apply additional weighting to distinguish

unique peaks. The desired mass error for the MSP creation

method was changed from 250 ppm to 2000 ppm and the

desired peak number from 70 to 100. The mass error of the

raw spectra for the identification method was restricted to

be 250 ppm as compared to the standard of 2000 ppm. The

modifications of the mass error were based on maximizing

the inclusion of all relevant peaks (including low intensity

peaks). VIM-2 was scanned against the existing Biotyper

database to compare the standard methods with the

modified version and, with the inclusion of the newly

created MSP of the E. coli ATCC 25922 - type strain. The

standard identification method gave a score of 2.5

indicating a false positive for the species but modified

version gave a score of 1.7. Since the modified method

represented a result closer to reality, these settings were

used for the generation of the data in Table 2. Database

entries were created for all of the carbapenemase-producing

E. coli with the new MSP creation method and found that

this was warranted as more than 70 peaks were identified

for each isolate.

We scanned the CRE producing E. coli against the

extended database (including isolates from this study) and

ensured that the identification and MSP creation methods

were matched to give full scores for the isolates against

their own entries (score of 3.000) to ensure that parameters

for the MSP creation and MSP identification matched with

respect to inclusion of peaks. The scores of the first

matched identities (other than the full score of 3 for itself)

were found to all be below 2.5 even for closely related

isolates and below 2.1 for non-carbapenemase producers.

These results suggest that carbapenemase-producing

bacteria could be identified via Biotyper with inclusion of

all entries of the Bruker database and the carbapenemase-

producing bacteria. This method was able to give an improved

difference between carbapenemase and non-carbapenemase

producers, according to the score of best-matched identities.

The best scores were always carbapenemase-producers

illustrating that the modified method would allow for rapid

subspecies identification. The significantly large difference

in scores between isolates used for identification and the

best matched indicates that a score above 2.5 could be used

for “highly probable” subspecies identification. 

Application of the optimised method to differentiate
CRE strains
The second part of this study involved an application of

this strategy for potential identification of different strains

of carbapenem resistant bacteria. 

The gel view representation of the acquired spectra from

K. pneumoniae, E. asburiae, E. cloacae, and S. marcescens

are shown in Figure 3. All individual spectra are shown on

a density scale and this gel view shows the intensity

distribution of the relevant signals in the different samples.

In each group of bacteria, common bands were observed at

m/z 7706 for K. pneumoniae, m/z 7890 for S. marcescens,

m/z 7068 for E. asburiae and at m/z 5474 for E. cloacae.

Within carbapenemase-producing K. pneumoniae

distinguishable bands could be observed at m/z 3060 with

high intensity level for VIM-19 that was also present in

NDM-1 but easily separable by the presence of bands at m/

Figure 2. Comparison of ClinProTools peak picking (left)

versus the visual peak picking (right). The ATCC 25922 type

strain peaks are represented in red color and the carbapenemase

producing VIM-2 in green color.

Table 2. Evaluation of carbapenemase-producing E. coli isolates

by the modified MSP* creation and identification methods

Isolates 

(Carbapene-

mase)**

First best 

matched***

Log 

(Score)

Second best 

matched

Log 

(Score)

IMP-1 OXA-48 2.459 NDM-4 2.346

KPC-2 VIM-1 2.482 NDM-1 2.270

NDM-1 IMP-1 2.341 OXA-48 2.315

NDM-4 OXA-48 2.383 IMP-1 2.352

OXA-48 IMP-1 2.465 NDM-4 2.383

VIM-1 KPC-2 2.482
E. coli 

DH5alpha
2.085

VIM-2 IMP-1 2.129 E. coli RV412 2.043

* Modifications of the mass error were based on maximizing the

inclusion of all visually relevant peaks.

**The designations e.g VIM-2 used here represent different

classes of CRE enzymes producing E. coli.

***The first best match is refers to the strain other than itself that

was set to give a score of 3.
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z 2505 for NDM-1 and with a low intensity bands at m/z

6450 in VIM-1. IMP-1 and IMP-8 were identifiable by the

presence of bands at m/z 8209 and 3843 in IMP-1. KPC-2

and KPC-3 exhibited a distinct band at m/z 6011. OXA-48

and OXA-181 could be distinguished at m/z 5977.

Specific bands could also be observed in the group of E.

asburiae at m/z 4685 and 2318 for GES-5, m/z 2469 and

3392 for VIM-1. NMC-A was distinguishable by the

presence of low intensity bands at m/z 10794. 

In the group of E. cloacae, OXA-48 is observable by the

band at m/z 6484, IMP-1 at m/z 5993, KPC-2 with a thin

band at 8511 and NDM-1 at m/z 10290 having low intensity. 

S. marcescens carrying VIM-2 and IMP-1 enzyme were

distinguishable by the band at m/z 15854 from others, and a

particular band at m/z 2015, a tiny band also appeared at m/

z 1584 and absence of band at m/z 9974 with IMP-11. Four

consecutives bands were observable at m/z 3046, 3112,

3177 for KPC-2. The differences between SME-1 and

SME-2 could be observed at m/z 6830 and 7501. This

procedure appears to be capable of generating significantly

different bands signals that may be optimized and included

in the differentiation of these isolates.

Conclusions

Thus, based on our data, MALDI Biotyper has potential

as a tool for rapid detection and diagnosis of

carbapenemase-producing bacteria. This potential can be

further enhanced if the software would allow for manual

weighting of the desired biomarker peaks. Alternatively,

specific protein targets (biomarkers) can be used. The

differentiation of carbapenemase-producing Enterobacteriaceae

remains a challenge using MALDI Biotyper MS based on

the protein profiling due to the close relationship between

the CREs. Visual observation of peaks demonstrated that

the differences within the carbapenemases could be better

emphasised with the modified MSP methods by focusing

on matchless low intensity peaks since the non-

consideration of these peaks resulted in less significant

scores. In our study we show the flaws of complete

dependence on the Biotyper software and the necessity for

visual peak picking as a tool of peak discrimination in such

closely related bacterial strains. This work was able to take this

field of subspecies identification forward by demonstrating

how the optimization of the software protocols that

incorporate consistent distinct low intensity peaks can also

be utilized in the discrimination of different carbapenem

resistant bacteria.
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