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|dentification of microorganisms
grown in blood culture flasks using
liquid chromatography-tandem mass
spectrometry
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Oeveren', Norbert JA Sedee' & Armand Paauw*”

Aim: Bloodstream infections are a common cause of disease and a fast and accurate
identification of the causative agent or agents of bloodstream infections would aid the
start of adequate treatment. Materials & methods: A liquid chromatography-tandem mass
spectrometry (LC-MS/MS) shotgun proteomics method was developed for the identification
of bacterial species directly from blood cultures that were simulated by inoculating blood
culture bottles with single or multiple clinically relevant microorganisms. Results: Using
LC-MS/MS, the single species were correctly identified in 100% of the blood cultures,
whereas for polymicrobial infections, 78% of both species were correctly identified in blood
cultures. Conclusion: The LC-MS/MS method allows for the identification of the causative
agent of positive blood cultures.
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Bloodstream infections (BSIs) are associated with high morbidity and mortality (1-3]. This particu-
larly holds true for those BSIs associated with antibiotic resistance [4]. Blood cultures are the golden
standard for the detection of BSIs in patients with suspected sepsis. However, when a blood culture
instrument reports a positive blood culture, there is still a delay of 48 h in the species identification
and susceptibility testing, despite the number of colony-forming units (CFU) is ranging from 107 to
10° CFU/ml [5]. Due to this delayed availability of data to the clinician, such methods have only
a limited value on the clinical management (6]. Another complicating factor is that BSIs can be
caused by more than one microorganism (polymicrobial) with estimates ranging from 6 to 34%),
of the BSIs being polymicrobial (73].

Clearly, there is a need for rapid and accurate identification of the causative agent of BSIs, and
moreover to be able to accurately identify the causative agents of polymicrobial infections. A faster
identification of microorganisms causing BSIs would allow appropriate species-specific therapy to be
started sooner, which could improve patient outcome and reduce the risk of potential development
of resistance [9.10]. The latter would stimulate prudent use of antimicrobial agents, which can help
to reduce the selective pressure that enables the development and spread of antimicrobial resistance.
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Multiple methods have been developed that
shorten the time to identify the causative agent
of BSIs; however, these methods are often tar-
geted approaches (PCR or immunoassays) or
lack specificity (matrix-assisted laser desorption
ionization — time-of-flight mass spectrometry
[MALDI-TOF MS]) for direct identification
from positive blood cultures. MALDI-TOF MS
is used for rapid identification of the causative
agent of positive blood cultures and this method
can also be applied directly to the positive blood
culture, without the need of a cultivation step [9].
However, MALDI-TOF MS is not always able
to discriminate between closely related spe-
cies [11,12]. Furthermore, because the identifi-
cation by MALDI-TOF MS depends on the
comparison of MS profiles to a reference library,
identification of multiple species in one sample
is cumbersome [13,14].

An approach that is based on protein
sequence identification would provide addi-
tional and more accurate identification. A lig-
uid chromatography—tandem mass spectrometry
(LC-MS/MS)-based shotgun proteomics
approach allows protein sequence-based iden-
tification that potentially identifies any pro-
tein that is expressed by a microorganism. The
use of an LC-MS/MS method was previously
applied for the identification of various cultured
microorganisms [15]. Using this LC-MS/MS
method, proteins of pure cultures of a micro-
organism are digested with trypsin, generating
peptides of which the amino acid sequence is
determined based on their measured masses,
the masses of fragmentation product ions and
their comparison with in silico trypsin digests
and corresponding predicted fragments of a pro-
tein database. From these peptide sequences, not
only proteins of interest can be identified, also
the microorganism itself can be specified to, at
least, species level [16,17]. Recent developments in
proteomic analysis using LC-MS/MS reduced
the time to result, making it possible to analyze
a sample within 6 h [18].

The aim of this study was to determine
whether shotgun proteomics could improve
identification of causative agents of BSIs, both
single species and polymicrobial, directly from
blood culture bottles. The presence of proteins
derived from the injected blood and the growth
media could interfere with the identification
of the microorganism(s) from a blood culture.
Therefore, we developed a sample preparation
method that preferentially decreases the number
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of nonmicrobial proteins in the sample. As a
result, our method allows an accurate identifi-
cation of microorganisms growing in positive
blood cultures.

Materials & methods

¢ BSls: tested isolates

The microorganisms used for cultivations in
blood culture flasks, to simulate BSIs, are listed
in Table 1. A total of 34 bacterial isolates belong-
ing to 27 bacterial species, and 1 yeast strain,
were used for spiking in order to obtain blood
cultures, as described below. This collection of
microorganisms represents a clinically relevant
selection of commonly found BSIs and two sim-
ulants for Burkholderia pseudomallei, a common
cause of community-acquired BSI in Southeast
Asia [19]. Additionally, strains were included for
which the identification by MALDI-TOF MS
is known to be challenging, namely Escherichia
coli, Shigella sp., streptococci and coagulase-
negative staphylococci [20]. The bacteria and
yeast were cultivated (described below) to mimic
monomicrobial infections, and for a selection of
bacteria and yeast also as polymicrobial infec-
tions. The simulated polymicrobial infections
are listed in Table 2.

¢ Culture conditions

From the -80°C stock, the bacteria and yeast
were recovered on blood agar plates and cul-
tured for at least 24 h at 35°C and, depend-
ing on the species, in the presence of 5% CO,.
Before inoculation of the blood culture flasks,
the isolates were regrown on a blood agar plate
for 24 h at 35°C in the presence of 5% CO,
when required. For all strains, suspensions
of 1 x 10°~1 x 10* CFU/ml were made in
Dulbecco’s phosphate buffered saline (DPBS;
Lonza, Verviers, Belgium). Subsequently, 1 ml
of suspension per species, for the mono- and
polymicrobial infections, was injected in an
aerobic and anaerobic BACTEC blood cul-
ture flask, respectively (Beckton Dickinson,
Breda, The Netherlands). These blood culture
flasks were injected with 9 ml of 50% sheep
erythrocytes (DivBioScience, Ulvenhout,
The Netherlands) to mimic blood culture con-
ditions. For each bacterium and yeast, and for
the polymicrobial infections, and two nega-
tive controls, one aerobic and one anaerobic
flask was inoculated. The inoculated flasks for
mono- and poly-microbial infections were incu-

bated for 16 h at 35°C. Subsequently, 1 ml of
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Table 1. Strains used in this study.
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Strain no. Aliases Genus Species
BM1501 Acinetobacter baumannii
BM1504 Acinetobacter baumannii
BM658 DSMZ 30007 Acinetobacter baumannii
BM642 DSMZ 21774 Burkholderia oklahomensis
BM902 DSMZ 13276 Burkholderia thailandensis
BM116 Citrobacter freundii
BM268 Enterococcus faecalis
BM656 ATCC 14506 Enterococcus faecalis
BM1368 E1071 Enterococcus faecium
BM1518 Enterococcus faecium
BM1381 ECOR-04 Escherichia coli

BM1399 ECOR-22 Escherichia coli

BM768 K12 DH5a Escherichia coli

BM916 DSMZ 13698 Escherichia fergusonii
BM636 ATCC 43816 Klebsiella pneumoniae
BM365 Listeria monocytogenes
BM766 DSMZ 22644 Pseudomonas aeruginosa
BM256 Salmonella enteritidis
BM255 Salmonella typhimurium
BM917 DSMZ 7532 Shigella boydii
BM1142 Shigella dysenteriae
BM918 DSMZ 4782 Shigella flexneri
BM919 DSMZ 5570 Shigella sonnei
BM494 ATCC 43300 Staphylococcus aureus
BM495 ATCC 25923 Staphylococcus aureus
BM493 ATCC 12228 Staphylococcus epidermidis
BM934 DSMZ 20322 Staphylococcus simulans
BM265 Streptococcus agalactiae
BM266 Streptococcus dysgalactiae
BM264 Streptococcus pyogenes
BM932 DSMZ 20352 Staphylococcus lentus
BM933 DSMZ 20260 Staphylococcus cohnii
BM935 DSMZ 20326 Staphylococcus capitis
BM357 Streptococcus mutans
BM659 ATCC 14053 Candida albicans

positive blood culture was subtracted from the
medium and used for sample preparation for
LC-MS/MS analysis. Exceptions were made
for slow growing microorganisms: Candida
albicans, Staphylococcus lentus, Staphylococcus
cohnii, Staphylococcus capitis and Streptococcus
mutans. For these bacteria the blood culture
flasks were incubated for 48 h and at time
points 24 h and 48 h, 1 ml of the blood cul-
ture was subtracted from the medium for sam-
ple preparation for LC-MS/MS analysis. The
species Acinetobacter baumannii, Burkholderia
oklahomensis and Burkholderia thailandensis are
strict aerobic bacteria and for these bacteria only
aerobic flasks were inoculated.

future science group

¢ Sample preparation for LC-MS/MS analysis
From each positive blood culture flask, 1 ml was
withdrawn from the suspension and transferred
into a tube. The samples were centrifuged for
5 min at 21,000 x g. Erythrocytes and pro-
teins in the culture medium potentially inter-
fere with the LC-MS/MS analyses. To remove
such proteins as much as possible, the following
steps were executed twice. Upon removal of the
supernatant, 1 ml 2.5% saponin was added, fol-
lowed by mixing and 5-min incubation at room
temperature. Subsequently, the suspension was
centrifuged for 5 min at 21,000 x g followed by
washing with DPBS and demineralized water for
1 min, respectively.
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Table 2. Identified peptides from blood culture flasks injected with multiple microorganisms using liquid chromatography-

tandem mass spectrometry.

Number of discriminative Correct identification First false-positive hit*
Sample Injected microorganisms peptides detected
Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic
1 Enterococcus faecium 163 219 Yes Yes 1 1
Staphylococcus epidermidis 33 9 Yes No
2 Pseudomonas aeruginosa 469 135 Yes Yes 2 1
Staphylococcus epidermidis 5 98 No Yes
3 Pseudomonas aeruginosa 165 5 Yes No 3 2
Streptococcus agalactiae 347% 491* Yes Yes
612° 820° Yes Yes 3 4
4 Citrobacter freundii 56 42 Yes Yes 1 1
Staphylococcus aureus 53 34 Yes Yes
5 Staphylococcus epidermidis 0 4 No No 5 2
Staphylococcus simulans 459 267 Yes Yes
6 Enterococcus faecium 142 191 Yes Yes 2 1
Staphylococcus simulans 93 58 Yes Yes
7 Candida albicans 0 0 No No 2 1
Escherichia coli 31" 33¢ Yes Yes
5% 10% Yes Yes 0 0
8 Staphylococcus aureus 85 91 Yes Yes 6 2
Streptococcus dysgalactiae 52* 39* Yes Yes
4197F 291t Yes Yes 8 7
9 Klebsiella pneumoniae 32 33 Yes Yes 1 1
Enterococcus faecalis 63 103 Yes Yes
10 Candida albicans 0 0 No No 1 1
Staphylococcus epidermidis 0 0 No No
Citrobacter freundii 76 55 Yes Yes
The highest number of false-positive peptides determined in first- and second-stage (italic) analysis.
‘Number of discriminative hits for the entry Streptococcusagalactiae-dysagalactiae.
*Number of discriminative hits for S. agalactiae in second analyze.
Number of number of discriminative hits for the entry Escherichia coli/Shigella.
#Number of discriminative hits for E. coli in second analyze.
"Number of discriminative hits for S. dysgalactiae in second analyze.
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After washing, the pellet was resuspended in
400 pl of 100 mM ammonium bicarbonate and
incubated at 95°C for 10 min. Using 0.1 mm
silica glass beads (Sigma-Aldrich, Zwijndrecht,
The Netherlands) and the Omni Bead Ruptor
(LA Biosystems, Waalwijk, The Netherlands),
microorganisms were ruptured by beating
at 3.25 m/s for 5 min. Dithiothreitol (DTT;
Sigma-Aldrich) and trypsin (Sigma-Aldrich)
were added to final concentrations of 5 mM
and 10 pg/ml, respectively, and samples were
incubated for 1 hat 37°C. Trypsin digestion was
stopped by addition of formic acid to a final con-
centration of 0.1%. Large particles were removed
by centrifugation (1 min, 10,000 x ¢) and super-
natants were filtered through a Microcon centrif-
ugal filter device with a cut-off of 30 kDa (Merck
Millipore, Amsterdam, The Netherlands).

Future Microbiol. (2017) 12(13)

¢ LC-MS/MS analysis of whole-cell lysates

The protein digests were analyzed with
LC-MS/MS using a UHPLC system (Dionex
Ultimate 3000 RS pump; Thermo Fisher
Scientific, Germering, Germany) coupled to
a Q-TOF mass spectrometer (maXis impact,
Bruker Daltonics GmbH, Bremen, Germany).
The samples were injected onto an Acquity
HSS T3 UHPLC column (1 mm ID x 150 mm,
1.8 pm, 100 A, Waters, Etten-Leur,
The Netherlands) and separated at a constant
flow of 0.1 ml/min, with the following binary
gradient: from 100% A (0.2% formic acid in
milli-Q H,O, Sigma-Aldrich) to 50% B (0.2%
formic acid in acetonitrile; Sigma-Aldrich) in
45 min, followed by an increase to 80% B for
5 min. The UHPLC system was coupled to
the mass spectrometer using an electrospray
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ionization source (ESI-source, Bruker Daltonics,
GmbH). The spray voltage was set at 4.5 kV and
the temperature of the heated capillary was set
to 180°C. Eluting peptides were analyzed using
the data-dependent MS/MS mode. The ten most
abundant ions (charge state 2+, 3+ and 4+) in
an MS spectrum (300-1300 2/z) were selected
for data-dependent MS/MS analysis by collision-
induced dissociation using nitrogen as the col-
lision gas. MS/MS scans were acquired over a
mass range of 100-2000 72/z.

¢ Protein database & peptide assignment

To assign MS data, a custom database was con-
structed in a FASTA format using annotated
protein sequences derived from sequenced refer-
ence genomes on the NCBI FTP server extracted
on 29 August 2016, supplemented with anno-
tated genomes of which no reference genome was
available at that time. The database contained
447 entries, representing 434 bacterial species,
2 Cryptococcus sp., 6 Candida sp., and single
entries of Ricin communis, Ovis aries, Bos taurus
and Homo sapiens. Ovis aries was included for the
identification of peptides derived from erythro-
cytes, Bos taurus for blood culture media and
trypsin derived peptides, Homo sapiens for pos-
sible contamination and cross-reactivity and
Ricin communis because the database is used
to screen for potential biothreat agents, as well.
Furthermore, E. coli and Shigella species were
combined into a single database entry because
these species are closely related in their pro-
tein content and Streptococcus agalactiae and
Streptococcus dysgalactiae, as well.

From each sample the obtained MS spectra
were assigned to peptides using PEAKS 7.5 and
the custom database (Bioinformatics Solutions
Inc., Waterloo, Canada) [21]. Furthermore, fil-
ters were used to exclude duplicate peptides and
advanced missed cleavage handling. Only pep-
tides assigned with a high degree of certainty
(false discovery rate [FDR] of <0.01%) were
used to analyze which microorganisms were pre-
sent in the original sample. Next, using a Python
script it was determined in which entries the
measured peptide sequences occurred. Finally,
for each entry the number of discriminative
designated peptides were counted.

To identify the E. coli or Shigella sp. to the
species level upon detection a second analy-
sis was performed with a database consisting
only of E. coli, Shigella boydii, Shigella dys-
enteriae, Shigella flexneri and Shigella sonnei.
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Upon detection of a §. agalactiae or a S. dys-
galactiae a second analysis was performed with
a database consisting only of S. agalactiae and
S. dysgalactiae.

Results

¢ |dentification of monomicrobial infections
For a total of 33 blood cultures, mimicking
monomicrobial episodes, direct identification
was attempted using LC-MS/MS. The micro-
organisms were correctly identified in 33 of the
33 (100%) aerobic blood cultures, and in 27
of the 28 (96%) anaerobic blood cultures. The
lowest number of identified discriminative pep-
tides per entry was 26 for the combined entry
E. colilShigella sp., whereas the highest num-
ber of discriminative peptides was 853 for the
entry Enterococcus faecalis. Despite the presence
of matrix-derived peptides, there are sufficient
microorganism discriminative peptides that
allow for identification (Supplementary Table 1).
To determine repeatability, E. coli strain BM768
was used in four independent experiments all
mimicking a monomicrobial episode. The
identification was always correct with assigned
peptides ranging from 51 to 100 to the com-
bined entry E. colil Shigella sp. and the number
of E. coli discriminative peptides ranging from
9 to 14 in the second-stage analysis (Table 3).
For S. cobnii and S. capitis correct identifica-
tions were obtained after 24 h in case of aerobic
blood culture, and after 48 h in case of anaerobic
blood culture. C. albicans was correctly identi-
fied in a 1 ml sample taken from the aerobic
flask after 48 h of incubation. In contrast, after
24 h of incubation identification of multiple
C. albicans discriminative peptides was not suc-
cessful. Furthermore, for C. albicans no growth
was detected upon anaerobic conditions in blood
culture, therefore identification was not possible
(Table 3).

Of the tested microorganisms, S. lentus con-
tained the highest number of falsely classified
peptides (n__ ., = 14). Based on the results, the
cut-off to identify a species (entry) was empiri-
cally established as more than 14 discriminative
peptides. In most cases, the observed false clas-
sifications were peptides assigned to another spe-
cies from the same genus (data not shown). False
classification by assigning peptides to another
species is possible because of the limited size
of the custom database where not all possible
mobile genetic elements are represented in each
species entry.
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Table 3. Identified peptides from blood culture flasks injected with microorganisms using liquid chromatography-tandem mass

spectrometry.

Strain no.

BM1501
BM1504
BM658
BM642
BM902
BM116
BM268
BM656
BM1368
BM1381
BM1399
BM768

BM916
BM636
BM365
BM256
BM255
BM917
BM1142
BM918
BM919
BM494
BM495
BM493
BM934
BM265
BM266
BM264
BM932
BM933
BM935
BM357
BM659

Injected microorganism detected? first false positive hit"
Aerobic flask Anaerobic flask Aerobic flask Anaerobic flask
Acinetobacter baumannii 45 NT 2 NT
Acinetobacter baumannii 46 NT 4 NT
Acinetobacter baumannii 35 NT 3 NT
Burkholderia oklahomensis 131 NT 1 NT
Burkholderia thailandensis 54 NT 1 NT
Citrobacter freundii 65 73 2 1
Enterococcus faecalis 662 601 2 1
Enterococcus faecalis 853 707 2 1
Enterococcus faecium 361 356 4 3
Escherichia coli 26 (3) 36 (3) 2(1) 1(1)
Escherichia coli 31 (6) 35(6) 2(1) 3(1)
Escherichia coli* 100 (14) 68 (11) 2(0) 1(0)
51(9) 68 (12) 2(1) 1(1)
71 (10) 61 (9) 2(0) 2(0)
75 (12) 70 (12) 1(1) 2(1)
Escherichia fergusonii 60 89 2 3
Klebsiella pneumoniae 47 54 3 2
Listeria monocytogenes 104 51 1 1
Salmonella enteritidis 105 70 4 3
Salmonella typhimurium 100 86 1 2
Shigella boydii 81 (3) 36 (2) 2(1) 1(1)
Shigella dysenteriae 74 (9) 56 (6) 2(1) 2(1)
Shigella flexneri 63 (26) 57 (22) 2(0) 1(0)
Shigella sonnei 57 (9) 40 (5) 1(1) 3(1)
Staphylococcus aureus 317 203 4 2
Staphylococcus aureus 264 255 3 3
Staphylococcusepidermidis 179 151 1 1
Staphylococcus simulans 514 626 4 4
Streptococcus agalactiae 610 (1016) 663 (1059) 3(4) 3(4)
Streptococcus dysgalactiae 139 (655) 106 (565) 8(75) 10 (45)
Streptococcus pyogenes 238 133 10 7
Staphylococcus lentus 1155, 1717 515, 1399 95, 147 45,149
Staphylococcus cohnii 1595, 258" 15, 156" 55, 7° 15, 6"
Staphylococcus capitis 63°, 108" 05, 1301 25,21 15, 21
Streptococcus mutans 185, 2771 185, 2737 15,17 15,11
Candida albicans 15,29 0,17 15,67 15,07

Number of discriminative peptides

Number of discriminative peptides in

‘Independently tested.
SAfter 16-24 h analyzed.
IAfter 36-48 h analyzed.
NT: Not tested.

fSecond analysis between brackets.
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e Distinction between closely related
species

The E. coli and Shigella sp. strains are genetically
very closely related; therefore, there is a limited
number of discriminative peptides that directly
discriminates between E. coli, S. boydii, S. dys-
enteriae, S. flexneri and S. sonnei. Furthermore,

Future Microbiol. (2017) 12(13)

discrimination between §. agalactiae and
S. dysgalactiae was hampered due to the rela-
tive high number of peptides falsely identified
as specific for these two entries, due to a data-
base limitation. Therefore, a two-step approach
was used for the identification of these strains
to the species level. After initial identification

future science group
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of a strain belonging to the E. coli/Shigella
entry or the S. agalactiae/S. dysgalactiae entry, a
second search was performed against a smaller
database only containing strains of the closely
related species. Using this two-step approach,
all tested E. coli and Shigella sp. strains were cor-
rectly discriminated from each other based on
the highest number of discriminative peptides
(Tables 2 & 3). Likewise, the tested S. agalactiae
and S. dysgalactiae were correctly identified
(Tables 2 & 3).

¢ |dentification of polymicrobial infections
For polymicrobial infections it can be diffi-
cult to identify all microorganisms present in
a positive blood culture. For the polymicrobial
blood cultures containing two species, 7 out of 9
(78%) were correctly identified, upon combin-
ing results of the aerobic and anaerobic blood
culture (Table 3). In the remaining two spiked
blood cultures with two species only one of the
two species was identified. From the polymicro-
bial blood culture spiked with three species, only
one species was identified.

Discussion

BSIis an important cause of illness and deaths.
A BSI is commonly traced by a positive blood
culture. Then a time-consuming process is
needed that involves culture-based identifica-
tion of the causative agent [22]. Speeding up
identification of the causative agent(s) in a
blood culture is crucial for clinical decision

Blood culture

Sample prep
¢ Clean up
*Trypsin digestion

making and optimal antibiotic therapy. In
this study, an LC-MS/MS method was devel-
oped for direct identification of microorgan-
isms from positive blood cultures (Figure 1).
This method is generic and is based on the
determination of multiple discriminative
peptide sequences for the identification of
microorganisms causing BSI.

The LC-MS/MS method allowed for cor-
rect identification of mimicked monomicro-
bial blood cultures from aerobic and anaerobic
blood culture flasks in 100% (33/33) and 96%
(27/28), respectively. The result of one strain
of E.coli, that was cultured four-times, and
identified correctly in all cases, indicates the
robustness of the method. The reported iden-
tification rates with MALDI-TOF MS directly
from positive blood cultures ranged from 66
to 85.2% for monomicrobial blood cultures,
which is lower compared with the 100%
identification found using the LC-MS/MS
method [9,23-2¢].

The developed LC-MS/MS method cor-
rectly identified both microorganisms in 78%
(7/9) of the nine blood cultures spiked with
two microorganisms, and one of the two
microorganisms in the two other spiked sam-
ples (22%). In one case where a polymicrobial
blood culture with three agents was mimicked,
only one of the three microorganisms was iden-
tified using LC-MS/MS. The identification
of microorganisms in polymicrobial blood
samples with LC-MS/MS was potentially

Peptides LC-MS/MS analysis

|I‘|‘ ‘H ‘I

JI|HI‘ 1‘1

“M ‘||‘|
ml“‘ ’|I|

Data analysis

Peptides

Database search

Species identified
# unique peptides

Figure 1. Schematic overview of the liquid chromatography-tandem mass spectrometry-based method for the identification of

microorganisms from blood cultures.

LC-MS/MS: Liquid chromatography-tandem mass spectrometry.
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hampered by the competition between dif-
ferent microorganisms during growth in the
blood culture flasks, where one species over-
grows the other species, however this was not
examined.

For polymicrobial species identification using
MALDI-TOF MS directly on positive blood cul-
tures, the reported method was able to identify
both microorganisms in one out of ten polymi-
crobial cultures, and in five out of ten blood
cultures only one of the two microorganisms
was identified [9]. Similarly, in another study,
in 64.5% only one of the two microorganisms
was identified to the species level, whereas no
correct identification was found for the other
polymicrobial blood cultures [24]. The identifica-
tion rate of MALDI-TOF MS for polymicrobial
blood cultures is considerably lower compared
with the 78% identification rate of all micro-
organisms, in the case of two microorganisms,
using LC-MS/MS.

To identify genetically closely related spe-
cies — E. coli and Shigella sp. and S. agalactiae
and S. dysgalactiae — a two-step data analy-
sis was developed. In the first step the closely
related species were combined in a single entry,
allowing for the identification of discrimina-
tive peptides for the combined species, and
thereby providing a preliminary identifica-
tion. In the second step, discriminative pep-
tides were identified allowing for identification
at a species level, albeit with a relatively low
numbers of discriminating peptides. The rela-
tive low number of discriminative peptides for
some species is potentially caused by the lim-
ited number of strains per species included in
the database and by the overlap in proteomes
between some genetically closely related bacte-
rial species. Moreover, between some species
genetic exchange takes place regularly, which
possibly limits the number of discriminative
determinants between closely related species
populations. A good example is the species
E. coli and the different Shigella species, which
do not constitute monophyletic clades within
the E. coli — Shigella phylogroup and therefore
share a large part of their proteome, which is
likely to limit the number of discriminative
peptides per species [27-30]. The species S. aga-
lactiae belongs to the haemolytic group B,
while S. dysgalactiae is a HSC-group-C-based
on Lancefield typing scheme for haemolytic
Streptococci [31]. However, genetically, S. dys-
galactiae is a sub-branch of S. agalactiae (31,

Future Microbiol. (2017) 12(13)

which explains the large overlap in genome
and protein sequences between the two spe-
cies. Potentially, horizontal transfer of genes
can lead to specific gene presence in strains of
the same or closely related species, which could
explain that some proteins are found in only
a portion of the strains from one particular
species. Furthermore, a possible limitation for
correct identification of microorganisms is the
dependency on the database. A good-quality
identification depends on the size of the data-
base, and requires good quality data in this
database. Therefore, the threshold for the iden-
tification of bacterial species was empirically
determined in this study.

In general, rapid unambiguous identification
of microorganisms and distinction from closely
related species is an analytical challenge in clini-
cal microbiology. Often additional techniques
are needed to confirm a preliminary identifi-
cation. A main advantage of the LC-MS/MS
method is the sequence-based identification,
where identification of the species is supported
by multiple discriminative peptide sequences.
This allows for the unambiguous identification
of all infectious agents in the database used to
interpret the obtained MS data. The ability
to rapidly identify even rare infectious agents,
allows for a faster awareness. This can aid in
adequate treatment planning tailored towards
the identified infectious agent. Furthermore,
this can facilitate prevention of spreading of
infectious diseases.

A possible drawback of the presented study is
that during the validation of the LC-MS/MS
method sheep erythrocytes were used as a sur-
rogate for whole blood. However, a recent pub-
lication presented a similar LC-MS/MS based
method, including a comparable saponin based
sample preparation, that was functional on
clinical positive blood cultures [32]. Moreover,
despite matrix derived peptides from whole
blood and culture media were identified, there
were enough discriminative peptides identified
that enabled the identification of the expressed
extended spectrum fB-lactamases [32].

The LC-MS/MS method presented in this
study is generic for the identification of micro-
organisms from positive blood cultures, but
can also be used for all type of microorgan-
isms on or in cultured (liquid) media. Recent
publications demonstrated that nontargeted
LC-MS/MS-based approaches could ana-
lyze the susceptibility against B-lactam-based
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antibiotics [32.33] in Gram-negatives. Next, by
using a targeted approach (SRM mass spectrom-
etry) was possible to detect methicillin resist-
ance in S. aureus and virulence factors directly
from positive blood cultures [34]. Furthermore,
by the detection of amino acid substitutions in
the GyrA protein using SRM it was possible
to detect decreased quinolone susceptibility in
typhoidal Salmonella isolates 35]. The combi-
nation of identification with antibiotic resist-
ance determination will directly benefit clinical
management.

Conclusion & future perspective

A generic LC-MS/MS method, based on pep-
tide sequences, was developed that rapidly iden-
tifies microorganisms in positive blood cultures.
Tandem mass spectrometry technology has
improved to a point in which it can improve
clinical microbiology diagnostics. With the
introduction of high-resolution hybrid mass
spectrometers, both targeted and nontargeted
analysis of the proteome can be combined, allow-
ing unbiased screening with limited or no loss of
sensitivity [36]. It is common practice in clinical
microbiology to determine the analytical strategy
to identify pathogens and antimicrobial suscep-
tibility based on the interpretation of the Gram-
staining. In the future there is no need to execute
this type of differential diagnostics on positive
blood cultures. By measuring the proteome using
high-resolution hybrid mass spectrometers and
the presented approach, microorganisms grown
in blood culture flasks can be identified unam-
biguously. Additionally, based on the identifica-
tion of the microbial agent, the recorded MS data
can be searched for specific peptide sequences of
interest such as peptides that reveal decreased
susceptibility, increased virulence or peptides

that are epidemiological markers of an outbreak
strain. Before LC-MS/MS-based diagnostics can
be implemented as a routine analysis in clinical
microbiology, a fully automated sample prepa-
ration and dedicated microbiology data analysis
software have to be developed. These develop-
ments in combination with further customiza-
tion of mass spectrometry systems, will lead to
the possibility of a fully automated pipeline of
blood culture analysis in the future.

Financial & competing interests disclosure
This work was funded by the Dutch Ministry of Defence
under grant number VI1408. The authors have no other
relevant affiliations or financial involvement with any
organization or entity with a financial interest in or finan-
cial conflict with the subject matter or materials discussed
in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of

this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate insti-
tutional review board approval or have followed the prin-
ciples outlined in the Declaration of Helsinki for all human
or animal experimental investigations. In addition, for
investigations involving human subjects, informed consent

has been obtained from the participants involved.

Open access
This work is licensed under the Attribution-
NonCommercial-NoDerivatives 4.0 Unported License. To

view a copy of this license, visit http://creativecommons.org/

licenses/by-nc-nd/4.0/

Supplementary data
To view the supplementary data that accompany this paper

please visit the journal website at: www.futuremedicine.

com/doi/full/10.2217/fmb-2017-0050.

SUMMARY POINTS
Background

e Accurate identification of the causative pathogen(s) of bloodstream infections guides optimal treatment.

Results

e Asample preparation was developed for the direct identification of bacteria grown in blood culture flasks using liquid

chromatography-tandem mass spectrometry (LC-MS/MS).

e The developed data analysis for LC-MS/MS data enabled accurate identification to species level of grown

microorganisms, based on discriminative peptides.

e Microorganisms were correctly identified by LC-MS/MS in 100% of the monomicrobial blood cultures and in 78% of

the polymicrobial blood cultures.

Conclusion

e The presented LC-MS/MS method enables generic and accurate identification of pathogen(s) grown in blood culture flasks.
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