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During the past 5 years, matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) has
become a powerful tool for routine identification in many clinical laboratories. We analyzed our 11-year experience in routine
identification of clinical isolates (40 months using MALDI-TOF MS and 91 months using conventional phenotypic identification
[CPI]). Among the 286,842 clonal isolates, 284,899 isolates of 459 species were identified. The remaining 1,951 isolates were mis-
identified and required confirmation using a second phenotypic identification for 670 isolates and using a molecular technique
for 1,273 isolates of 339 species. MALDI-TOF MS annually identified 112 species, i.e., 36 species/10,000 isolates, compared to 44

species, i.e., 19 species/10,000 isolates, for CPI. Only 50 isolates required second phenotypic identifications during the MALDI-
TOF MS period (i.e., 4.5 reidentifications/10,000 isolates) compared with 620 isolates during the CPI period (i.e., 35.2/10,000
isolates). We identified 128 bacterial species rarely reported as human pathogens, including 48 using phenotypic techniques (22
using CPI and 37 using MALDI-TOF MS). Another 75 rare species were identified using molecular methods. MALDI-TOF MS
reduced the time required for identification by 55-fold and 169-fold and the cost by 5-fold and 96-fold compared with CPI and
gene sequencing, respectively. MALDI-TOF MS was a powerful tool not only for routine bacterial identification but also for
identification of rare bacterial species implicated in human infectious diseases. The ability to rapidly identify bacterial species
rarely described as pathogens in specific clinical specimens will help us to study the clinical burden resulting from the emergence
of these species as human pathogens, and MALDI-TOF MS may be considered an alternative to molecular methods in clinical

laboratories.

arly and accurate microbial identification is a critical requisite

for early, adequate antibiotic treatment. The number of newly
described bacteria has risen impressively during the past few de-
cades (1, 2). Notably, the identification of new pathogens in clin-
ical microbiology has been spectacularly improved during previ-
ous decades by the use of molecular identification, especially 16S
rRNA gene sequencing (3-8). Molecular identification is one of
the most useful techniques but remains expensive and requires a
workload that is not adapted for routine use. Moreover, clinical
definitions of some species do not match those used for 16S rRNA
identification, such as the mismatched definitions used for strep-
tococci (9-11).

Bacterial identification directly from colonies and samples us-
ing matrix-assisted laser desorption ionization—time of flight
(MALDI-TOF) mass spectrometry (MS) has been described as a
revolutionary tool perfectly adapted to the clinical microbiology
laboratory (12, 13). MALDI-TOF MS has been used to identify
bacterial species and subspecies (14, 15), and in some outbreaks,
MALDI-TOF MS has been reported to be able to identify the line-
ages of strains (16-18). Recently, MALDI-TOF MS has also been
used to detect clinical pathogens previously misidentified or am-
biguously identified (19-24). Detection of antimicrobial resis-
tance using MALDI-TOF MS has been reported for Staphylococcus
aureus (25-32), Acinetobacter baumannii (26), Escherichia coli,
and other members of the family Enterobacteriaceae (33-35). Sev-
eral new bacterial species emerging as human pathogens have
been identified using MALDI-TOF MS (36—45).

In the present study, we examined data from a large collection
of clinical isolates routinely identified during the last 11 years in
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our laboratory to evaluate the performance of MALDI-TOF MS
for routine bacterial identification compared with conventional
phenotypic identification (CPI). Particularly, we evaluated the ca-
pacity of MALDI-TOF MS to identify bacterial species that were
rarely reported as human pathogens compared with conventional
phenotypic and molecular identifications.

MATERIALS AND METHODS

Specimen collection. Clinical isolates were recovered from blood sam-
ples, cerebrospinal fluid samples, wounds, exudate samples, abscesses,
respiratory tract samples, genitourinary samples, bone-joint infection
samples, digestive samples, stools, and other clinical samples from 1 Jan-
uary 2002 through 31 December 2012, excluding December 2002 (data
notavailable). In September 2008, an anaerobic laboratory with anaerobic
chamber, preincubation of agar plates in strictly anaerobic condition, and
a team of dedicated technicians was created with the opening of another
laboratory at the North University Hospital, Marseille, France (600 beds)
in our 4,000-bed university hospital.
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Rare Species of Bacteria Identified by MALDI-TOF MS

TABLE 1 Summary of 11 years of bacterial identification in our laboratory”

No. of No. of isolates
Identification technique Study period No. of No. of isolates  No. of species  bacterial No. of isolates  identified by No. of isolates
(study period (no. of Total no. of  clonal identified by identified by species confirmed by ~ molecular misidentified %
[day-mo-yr]) months) analyses isolates  1st PID 1st PID identified/year ~ 2nd PID identification by 1st PID misidentified
CPI period (1-Jan-02 to 91 322,291 175,999 174,636 336 44 620 743 1,363 0.77
30-Aug-09)
MALDI-TOF MS period 40 177,888 110,843 110,263 382 112 50 530 580 0.52
(1-Sep-09 to
30-Dec-12)
AutoFlex IT (1-Sep-09 15 52,695 34,839 34,497 264 211 32 310 342 0.98
to 30-Nov-10)
MicroFlex (1-Dec-10to 25 125,193 76,004 75,766 340 163 18 220 238 0.31
31-Dec-12)
Total 131 500,179 286,842 284,899 459 42 670 1,273 1,951 0.68

“ We identified 459 bacterial species among 284,899 clinical isolates during nearly 11 years. We identified 112 species per year using MALDI-TOF MS compared with 44 identified
using conventional phenotypic identification (CPI) (Gram staining, API, Vitek 2 system identification). PID, phenotypic identification.

Bacterial identification. All isolates were identified after aerobic, mi-
croaerophilic, and anaerobic incubation of clinical specimens on 5%
sheep blood, chocolate, Mueller-Hinton, Trypticase soy, and MacConkey
agar plates (bioMérieux).

(i) Conventional phenotypic identification period. In CPI, we used
semiautomated Gram staining (Aerospray Wiescor; Elitech), deter-
mined catalase and oxidase activities, and used the Vitek 2 system
(bioMérieux), with 330 microorganism strains as references or the API
20A identification strip for anaerobes (bioMérieux) to identify bacte-
rial species from 1 January 2002 to 30 August 2009. Correct identifi-
cation of an isolate using the Vitek 2 system was confirmed when the T
index was =0.25; identification using the API system was confirmed
when the percentage of identification was =90%, and the T index was
= 0.25 (46). We reidentified organisms by Gram staining rather than

by using the Vitek 2 system. API identification strips included API 20A,
API Coryne, API Campy, API 20E, API 20NE, API Strep, API Staph,
API NH, and API Listeria strips (bioMérieux) as the second pheno-
typic identification in the CPI period to identify uncertainly identified
isolates at the species level.

(ii) MALDI-TOF MS identification period. (a) MALDI-TOF MS
analysis. We used MALDI-TOF MS as a routine bacterial identification
tool to categorize bacterial species from direct colonies, and the procedure
was performed as previously described (12). We used a MALDI-TOF MS
AutoFlex IT system (Briiker Daltonik) for the first part of the MALDI-TOF
MS identification period, from 1 September 2009 to 30 November 2010
and a MicroFlex LT mass spectrometer (Briiker Daltonik) for the second
part of the MALDI-TOF MS identification period, from 1 December 2010
to 31 December 2012.

Closing of the microbiology laboratory at North University Hospital, Marseille, France
+ Creation of the anaerobic laboratory in September 2008
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FIG 1 Time course of the total numbers of isolates analyzed, clonal isolates analyzed, and clonal isolates identified and misidentified using phenotypic
identification (PID*) during 11 years of routine identification in our clinical laboratory.
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FIG 2 Time course of the numbers of species of clonal bacteria identified, species identified using an initial phenotypic identification (PID*), total species
misidentified, species confirmed by another PID*, and species confirmed by molecular identification (molecular ID**) over 11 years of routine identification in

our clinical laboratory.

(b) MALDI-TOF mass spectrum database. The Briiker database up-
dated with a laboratory collection of spectra from clinical isolates identi-
fied by 16S rRNA gene sequencing was used from 1 September 2009 to 31
December 2012. For each organism updated, a consensus spectrum was
obtained by using the Biotyper MSP (mean spectrum projection) creation
standard method from a total of 12 spots made for each isolate, and the
manipulation was repeated in two independent runs. The Fisher exact test
was used to evaluate the reproducibility. We determined the sensitivity of
MALDI-TOF MS by identification of 10 colonies of the same bacterial
species in another independent run. Our MALDI-TOF mass spectrum
database has 6,213 reference microorganism strain spectra, and we up-
dated the primary Briiker database containing 3,993 microorganism spec-
tra (3,670 of bacteria, 7 of Archaea, and 316 of Eukaryota) with laboratory
bacterial spectra including spectra from well-typed bacterial strains and
other human-pathogenic bacteria identified by using a molecular tech-
nique.

(c) MALDI-TOF MS identification. Bacterial species were directly
identified from one bacterial colony; each colony was covered with 2 ml of
matrix solution (saturated a-cyano-4-hydroxycinnamic acid in 50% ace-
tonitrile and 2.5% trifluoroacetic acid) without other supplements and
extracted as previously described (12). We used MALDI Biotyper 3.0 soft-
ware to compare the first 100 peaks of each spectrum to our MALDI-TOF
mass spectrum database previously updated as described below. An isolate
was considered correctly identified at the species level by using MALDI-
TOF MS if 2 spectra had scores of =1.9. Uncertainly identified isolates at
the species level (scores of <1.9) were identified with certainty by
MALDI-TOF MS analysis of 2 additional spectra. A second run of
MALDI-TOF MS identification with 4 spectra was done for unsatisfied
species identification in the MALDI-TOF MS period.
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(iii) Molecular identification. Isolates misidentified by the second
CPI or MALDI-TOF MS analyses were identified with certainty using
molecular identification using 16S rRNA or rpoB gene sequencing as de-
scribed elsewhere (4, 12, 47, 48). An isolate was correctly identified when
(i) its 16S rRNA gene sequence yielded =98.7% identity with the sequence
of the most closely related bacterial species in GenBank (49) or (ii) when
its rpoB gene sequence yielded =97% identity with the sequence of the
most closely related bacterial species in GenBank or a local database
(12, 48).

Database analysis. Our database included bacterial identification re-
sults and their associated clinical information; 500,174 identifications of
clinical isolates were performed during the study period. All results were
extracted into Microsoft Excel files for further analysis. Duplicate analyses
were eliminated by retaining only a single bacterial identification per sam-
ple. We also excluded all samples for which there were phenotypic or
molecular identifications of fungi, environmental isolates, Mycobacte-
rium, and other intra- and extralaboratory strains that were not of human
origin.

Meaning of rare species. Rare species were defined as bacterial species
with =10 reports designating them as human pathogens retrieved from
the PubMed database (http://www.ncbi.nlm.nih.gov/pubmed/). The pos-
sibility of inaccurate classifications as rare species due to taxonomy
changes was checked using the National Center for Biotechnology Infor-
mation (NCBI) taxonomy database (http://www.ncbi.nlm.nih.gov/guide
/taxonomy/).

Time, cost, and training requirement evaluation of a MALDI-TOF
MS identification technique. We evaluated the time required for the
MALDI-TOF mass spectrometry identification as the period between the
deposit of a bacterial colony on the MALDI-TOF MS plate by a technician
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FIG 3 Time course of the numbers of total isolates misidentified using phenotypic identification (PID*), isolates confirmed by a second PID* and isolates
confirmed by molecular identification (ID**) over 11 years of routine identification in our clinical laboratory.

and the completion of the informatics interpretation of the resulting spec-
tra (i.e., identification ready to be transmitted to a clinician). The costs of
identification were evaluated by adding the costs of matrix reagents,
plates, positive controls, and technician salary, with provisions for 5-year
depreciations of the apparatuses used (Gram staining apparatus, micro-
scope, identification apparatus, and mass spectrometer) on the basis of
~67,000 isolates analyzed per year (the number of samples analyzed in
2012 in our laboratory).

Statistical analysis. Data analyses were performed using IBM SPSS
Statistics software version 20.0. Proportions were compared using the
chi-squared or Fisher’s exact two-tailed tests. A P value of <0.05 was
considered statistically significant.

RESULTS

Over 11 years, we performed 500,179 bacterial identifications in
our laboratory (Table 1). We grew our capacity for identification
between 2002 and 2012, increasing the number of analyses from
46,079 per year to 66,989 per year, by creating an anaerobic labo-
ratory and joining with another microbiology laboratory located
at North University Hospital, Marseille, France, in September
2008 (Fig. 1). The implementation of a new tool for identification
(MALDI-TOF MS) has spectacularly improved our capacity to
identify more clinical isolates and more human-pathogenic bac-
teria. We identified 160 bacterial species during 2002 and 278
species during 2012 (Fig. 2).

Among 286,842 clonal isolates identified, phenotypic identifi-
cation methods (CPI or MALDI-TOF MS) correctly identified
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284,899 isolates including 459 species of 134 genera and 6 phyla.
Another 1,951 isolates were misidentified and required identifica-
tion by another phenotypic or molecular method (Table 1 and
Fig. 3).

CPI identified 174,636 isolates, including 336 species of 120
genera and 6 phyla, over the 91 months from 1 January 2002
through 30 August 2009, whereas MALDI-TOF MS identified
110,263 isolates classified in 382 species of 114 genera and 6 phyla
over the 40 months from 1 September 2009 through 31 December
2012. Thus, MALDI-TOF MS vyearly identified 32,430 isolates of
112 species, i.e., 36 species/10,000 isolates, compared with 22,692
isolates of 44 species, i.e., 19 species per 10,000 isolates, for CIP
(P < 0.0001) (Table 1 and Fig. 4).

Among the 459 bacterial species identified during 2002 to
2012, 76 species (17%) were identified using only CPI over a 91-
month period, 124 species (27%) were identified using only
MALDI-TOF MS during a 40-month period (see Table S1 and
Table S2 in the supplemental material), and 258 species (56%)
were identified using both methods.

In the group of bacterial species identified only by CPI, 15
(20%) of the 76 isolates were absent from our MALDI-TOF mass
spectrum database. In the phylum Actinobacteria, 16 species of 11
genera were identified using only CPI, and 3 species were absent
from our MALDI-TOF MS database. In the phylum Bacteroidetes,
5 species of 3 genera were identified using CPI exclusively, and 1
species was absent from the MALDI-TOF MS database. In the
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FIG 4 Biodiversity of rare species identified in the routine identification of all clinical isolates tested (identified plus misidentified) during the last 11 years.

phylum Firmicutes, 19 species of 10 genera were identified using
only CPI, and 3 were missing from the MALDI-TOF MS database.
In the phylum Fusobacteria, 3 species of 2 genera were identified
using only CPI, and 1 was missing from the MALDI-TOF MS
database. In the phylum Proteobacteria, 33 species of 22 genera
were identified using CPI exclusively, and 7 were missing from the
MALDI-TOF MS database (see Table S1 in the supplemental ma-
terial).

In the group of bacterial species identified only by MALDI-
TOF MS, 21 (17%) of the 124 isolates were present in the Vitek 2
database, whereas 103 (83%) were not (see Table S2 in the supple-
mental material). In the phylum Actinobacteria, 21 species of 12
genera were identified using only MALDI-TOF MS and were lack-
ing in the Vitek 2 database. In the phylum Bacteroidetes, 10 species
of 7 genera were identified by using MALDI-TOF MS exclusively,
and 9 species were absent from the Vitek 2 database. In the phylum
Firmicutes, 54 species of 18 genera were identified using only
MALDI-TOF MS, and 41 were missing from the Vitek 2 database.
In the phylum Fusobacteria, Fusobacterium periodonticum was
identified using only MALDI-TOF MS and was missing from the
Vitek 2 database. In the phylum Proteobacteria, 38 species of 20
genera were identified using MALDI-TOF MS exclusively, and 31
were missing from the Vitek 2 database. No species in the phylum
Tenericutes was identified by using MALDI-TOF MS exclusively
(see Table S2 in the supplemental material).

During the study period, 1,951 isolates were misidentified and
required confirmation by another round of phenotypic identifi-
cation for 670 isolates of 21 species (see Table S3 in the supple-
mental material) and by molecular identification for 1,273 isolates
of 339 species (see Table S4 in the supplemental material). Among
339 species that required confirmation by molecular identifica-
tion, 63 species were absent from the initial Briiker database,
which contained 3,993 bacterial spectra, and only 24 were missing
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from our updated MALDI-TOF mass spectrum database (6,213
bacterial spectra). Among 24 bacterial species of 46 isolates missed
from our MALDI-TOF MS database, 16 species of 32 isolates were
identified by a molecular method in the CPI period, and 11 species
of 14 isolates were identified by a molecular method in the
MALDI-TOF MS period. Despite their presence in our MALDI-
TOF database, 315 other species had to be examined by molecular
identification; this included 228 species of 711 isolates and 196
species of 516 isolates in the CPI period and the MALDI-TOF MS
period, respectively.

We identified 40 species of 1,506 anaerobic organisms before
MALDI-TOF MS by using the API 20A system (bioM¢érieux), and
we identified 103 species of 1,564 anaerobic organisms at the spe-
cies level using MALDI-TOF MS identification.

During the CPI period, 1,363 isolates (0.77%) were misidenti-
fied; the 1,363 isolates included 620 isolates reidentified using a
second CPI as described below (i.e., 35.2 per 10,000 isolates) and
743 confirmed using a molecular technique (i.e., 42 per 10,000
isolates). During the MALDI-TOF MS period, 580 isolates
(0.52%) were misidentified; the 580 isolates included 50 isolates
reidentified using a second run of identification by MALDI-TOF
MS, i.e., 4.5 species per 10,000 isolates, and 530 isolates confirmed
using a molecular technique, i.e., 47 species per 10,000 isolates
(Table 1 and Fig. 3).

The molecular identification requirements were similar during
the CPI and MALDI-TOF MS periods at 42 and 47 molecular
identifications/10,000 isolates, respectively. However, a decreas-
ing trend was observed during the final 2 years, with 47 and 53
during 2011 and 2012, respectively, compared with 142 molecular
identifications in 2008 (Fig. 2 and Fig. 3).

During 11 years of routine identification, we identified 123 rare
species of bacteria that were reported to be human pathogens
fewer than or equal to 10 times in the literature (PubMed data-
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base). Among these species, 48 were identified by phenotypic
identification. Another 75 species were confirmed by molecular
identification. In addition, CPIidentified only 22 rare species dur-
ing 91 months, and MALDI-TOF MS identified 37 such rare spe-
cies during 40 months (Fig. 5, Fig. 6, and Fig. 7). Among 196
species of 516 isolates that were not satisfactorily identified in the
MALDI-TOF MS period, 365 (71%) isolates represented 10
genera, including Streptococcus, Corynebacterium, Pseudomonas,
Acinetobacter, Actinomyces, Staphylococcus, Bacillus, Enterobacter,
Enterococcus, and Nocardia, that frequently required molecular
identification (Fig. 8).

Identification of 11 of the 48 rare species identified using phe-
notypic methods was performed using only CPI, and 26 other rare
species were identified using only MALDI-TOF MS (Table 2). In
the phylum Actinobacteria, 18 rare species were identified, includ-
ing 9 exclusively identified using MALDI-TOF MS, 5 using CPI,
and 4 species using both techniques. In the phylum Bacteroidetes,
6 rare species were identified; the 6 species included 2 exclusively
identified using MALDI-TOF MS, 1 using CPI, and 3 using both
techniques. In the phylum Firmicutes, 12 rare species were identi-
fied, including 7 exclusively identified using MALDI-TOF MS, 2
using CPI, and 3 using both techniques. In the phylum Fusobac-
teria, 2 rare species were totally identified using CPL. In the phy-
lum Proteobacteria, 10 rare species were identified, including 8
exclusively identified using MALDI-TOF MS, 1 using CPI, and 1
using both techniques (Table 2).

Looking in detail at the group of 48 rare species identified using
phenotypic methods, 4 of these were identified more than 10 times
in our laboratory during the last 11 years, including 12 isolates of
Actinomyces europaeus, 20 isolates of Actinomyces radingae, 31 iso-
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lates of Pandoraea pulmonicola, 95 isolates of Peptoniphilus harei,
and 272 isolates of Enterobacter kobei (Table 2).

The rare species identified using phenotypic methods were
mostly recovered from bloodstream and urinary traction infec-
tions (see Table S5 in the supplemental material). Enterobacter
kobei was the most frequently identified among the 48 rare species
(see Table S5 in the supplemental material). In the following anal-
ysis, using MALDI-TOF MS, we identified two bacterial species,
Brevibacterium ravenspurgense and Corynebacterium fastidiosum,
that had never been reported as human pathogens in PubMed
(Table 2).

Moreover, molecular techniques identified 75 rare species
among 124 isolates including 23 that were identified as rare species
using phenotypic identification methods (Table 3). In all, 57 of the
75 rare species identified using molecular techniques were absent
from the Briiker database and 18 were absent from our MALDI-
TOF database. Among 57 bacterial rare species identified by mo-
lecular methods which spectrum present in our MALDI-TOF
database, 39 species were recently created during the study. Four-
teen of 18 rare species exclusively identified in the CPI period were
recently created. Twenty-five of 39 rare species identified in the
MALDI-TOF MS period were recently created in our database.
Other 14 rare species that were present in the database but that
needed molecular identification in the MALDI-TOF MS period
were Actinomyces europaeus (2 isolates), Corynebacterium argen-
toratense (2 isolates), Corynebacterium confusum (1), Corynebac-
terium coyleae (4 isolates), Corynebacterium imitans (1 isolate),
Corynebacterium kroppenstedtii (1 isolate), Corynebacterium mu-
cifaciens (3 isolates), Corynebacterium riegelii (1 isolate), Coryne-
bacterium ureicelerivorans (1 isolate), Microbacterium aurum (1
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isolate), Streptococcus criceti (3 isolates), Streptococcus peroris (1
isolate), Enterobacter kobei (3 isolates), and Pandoraea pulmoni-
cola (3 isolates).

The time required for identification of one clinical isolate using
MALDI-TOF MS was 6 to 8 min 30 s for the AutoFlex II system
(Briiker Daltonik) and 1 min 46 s for the MicroFlex LT mass
spectrometer (Briiker Daltonik). The cost of identification of one
clinical isolate using MALDI-TOF MS was 1.43 euros for the Auto-
Flex II system (Briiker Daltonik) and 1.35 euros for the MicroFlex
LT mass spectrometer (Briiker Daltonik) (Table 4). In compari-
son, the time required for identification for one clinical isolate
using 16S rRNA or rpoB sequencing was 24 h. In addition, the cost
of bacterial isolate identification using gene sequencing was
137.70 euros.

DISCUSSION

During the last 11 years, our clinical laboratory has seen an in-
creased ability to analyze bacteriological samples due to several
reasons: first, the establishment of another laboratory at the North
University Hospital, Marseille, France, and second, the creation of
an anaerobic laboratory in September 2008. By optimizing the
new tool of MALDI-TOF mass spectrometry for routine identifi-
cation, we were able to increase our yearly analysis capacity from
46,079 analyses in 2002 to 66,989 in 2012.

In 2008, we evaluated the performance of MALDI-TOF MS to
identify 1,660 clinical isolates in a 16-week period by comparing it
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FIG 8 Ten genera of 365 (71%) isolates that frequently required molecular identification among 196 species of 516 isolates identified unsatisfactorily in the

MALDI-TOF period.

with routine phenotypic identification methods, such as semiau-
tomated Gram staining (Aerospray Wescor; Elitech), catalase and
oxidase assays and automated identifications using the Vitek 2 and
API 20A systems (bioMérieux). Since then, more than 300 scien-
tific publications have confirmed that MALDI-TOF MS can be
adapted to achieve performances similar to the routine identifica-
tion methods used in clinical laboratories (14, 50-53). Many clin-
ical laboratories have, like us, adopted bacterial identification us-
ing MALDI-TOF MS for biotyping microbes to replace all of the
traditional phenotypic methods used for routine diagnoses di-
rectly from colony or clinical samples (13, 45, 54-58).

Recently, MALDI-TOF MS was used in culturomics studies to
identify 32 new bacterial species and another 177 bacterial species
that had never been reported to occur in the human gut microbi-
ota that may explain the involvement of microorganisms in hu-
man diseases such as obesity (59, 60). MALDI-TOF MS has been
used to identify 233 of 349 bacterial species from 4 stool samples
by direct identification from 36,500 colonies. MALDI-TOF MS
has also identified 116 unknown bacterial species with the score <
1.9 that was needed to identify by 16S rRNA gene sequencing.
Seventy-one of 116 (61%) bacterial species were previously absent
in our MALDI-TOF database. Among 45 (39%) species present in
our MALDI-TOF database, 24 (20%) have only 1 reference spec-
trum, and only one serovar of 18 serovars of Acinetobacter pittii
has more than 10 spectra in the database (59-61). We used an
incremental database with each spectra identified by 16S rRNA
gene sequencing from the first three stool samples that allowed us
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to use the culturomics study of Dubourg et al. (61) for the fourth
stool sample; in the study of Dubourg et al., only 4 of 4,000 bac-
terial colonies needed molecular identification (61).

The capacity of MALDI-TOF MS to identify an unknown bac-
terial species before molecular identification has been previously
observed by Bizzini et al. (62) and confirmed after updating the
MALDI-TOF database. Among 410 bacterial strains that were not
satisfactorily identified by the Vitek 2 and API systems (bioMéri-
eux), 62% of them were concordantly identified by MALDI-TOF
MS and 16S rRNA gene sequencing. Failure to identify 85 other
bacterial species was due to the absence of spectra of 78 species in
the MALDI-TOF database (62).

The 196 species (516 isolates) that were not identified included
57 rare bacterial species present in the MALDI-TOF database that
needed molecular identification in the MALDI-TOF period can be
attributed to two causes. The first cause is the absence of reference
spectrum. The second cause was the presence of a low number of
spectra in the database that does not allow MALDI-TOF to iden-
tify the bacteria in the groups with biodiversity within species. As
an example, 10 genera that frequently needed molecular identifi-
cation in the MALDI-TOF MS period in spite of the presence of
some reference spectra were Streptococcus, Corynebacterium, Pseu-
domonas, Acinetobacter, Actinomyces, Staphylococcus, Bacillus, En-
terobacter, Enterococcus, and Nocardia.

In addition to the capacity to analyze more isolates as shown in
the present study, MALDI-TOF MS has annually identified 2.5
times more species than CPI, identifying 112 species (i.e., 36 spe-
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TABLE 2 Species of clinical isolates that were identified by phenotypic identification as species that had been rarely reported as human pathogens”

No. of isolates

No. of isolates  identified by
No. of identified by MALDI-TOF No. of reports
Phylum Genus Bacterial rare species identified by PID isolates Identification method(s) CPI MS in PubMed
Actinobacteria  Actinobaculum Actinobaculum massiliense 1 MALDI-TOF MS 0 1 4
Actinomadura Actinomadura cremea 1 CPI 1 0 6
Actinomyces Actinomyces europaeus 12 CPIand MALDI-TOFMS 3 9 9
Actinomyces radicidentis 3 MALDI-TOF MS 0 3 4
Actinomyces radingae 20 CPI and MALDI-TOF MS 5 15 10
Arthrobacter Arthrobacter cumminsii 5 CPI and MALDI-TOF MS 3 2 4
Brevibacterium Brevibacterium luteolum 1 CPI 1 0 4
Brevibacterium massiliense 1 MALDI-TOF MS 0 1 2
Brevibacterium paucivorans 1 MALDI-TOF MS 0 1 3
Brevibacterium ravenspurgense 1 MALDI-TOF MS 0 1 0
Corynebacterium Corynebacterium auriscanis 3 CPI 3 0 5
Corynebacterium coyleae 7 CPIand MALDI-TOFMS 2 5 7
Corynebacterium fastidiosum 2 MALDI-TOF MS 0 2 0
Corynebacterium imitans 2 MALDI-TOF MS 0 2 2
Corynebacterium mucifaciens 5 MALDI-TOF MS 0 5 6
Microbacterium Microbacterium schleiferi 1 MALDI-TOF MS 0 1 6
Pseudoclavibacter ~ Pseudoclavibacter bifida 1 CPI 1 0 1
Varibaculum Varibaculum cambriense 2 CPI 3 9 2
Bacteroidetes Alistipes Alistipes finegoldii 3 CPIand MALDI-TOFMS 0 3 4
Bacteroides Bacteroides cellulosilyticus 4 MALDI-TOF MS 5 15 2
Butyricimonas Butyricimonas virosa 1 MALDI-TOF MS 3 2 1
Porphyromonas Porphyromonas somerae 9 CPI and MALDI-TOF MS 1 0 1
Prevotella “Candidatus Prevotella conceptionensis” 3 CPI and MALDI-TOF MS 0 1 1
Prevotella massiliensis 1 CPI 0 1 2
Firmicutes Acidaminococcus Acidaminococcus intestini 2 CPIand MALDI-TOEMS 0 1 2
Anaerococcus Anaerococcus lactolyticus 3 MALDI-TOF MS 3 40 9
Anaerococcus octavius 7 MALDI-TOF MS 2 5 3
Eubacterium Eubacterium tenue 2 MALDI-TOF MS 0 2 6
Eubacterium yurii 1 MALDI-TOF MS 0 2 10
Facklamia Facklamia languida 1 CPI 0 5 2
Peptoniphilus Peptoniphilus harei 95 CPI and MALDI-TOF MS 0 1 7
Robinsoniella Robinsoniella peoriensis 3 MALDI-TOF MS 1 0 8
Sporosarcina Sporosarcina ginsengisoli 1 CPI 2 0 1
Streptococcus Streptococcus massiliensis 4 MALDI-TOF MS 1 2 1
Turicibacter Turicibacter sanguinis 3 CPI and MALDI-TOF MS 0 4 3
Veillonella Veillonella montpellierensis 1 MALDI-TOF MS 0 1 3
Fusobacteria Leptotrichia Leptotrichia goodfellowii 1 CPI 1 8 5
Leptotrichia trevisanii 3 CPI 1 2 3
Proteobacteria  Acinetobacter Acinetobacter parvus 2 MALDI-TOF MS 1 0 8
Comamonas Comamonas kerstersii 2 MALDI-TOF MS 1 1 3
Enterobacter Enterobacter cowanii 3 MALDI-TOF MS 0 3 9
Enterobacter kobei 272 MALDI-TOF MS 0 7 10
Ochrobactrum Ochrobactrum grignonense 1 MALDI-TOF MS 0 2 8
Pandoraea Pandoraea pulmonicola 31 MALDI-TOF MS 0 1 7
Paracoccus Paracoccus yeeii 2 CPI and MALDI-TOF MS 1 0 1
Pseudomonas Pseudomonas hibiscicola 2 MALDI-TOF MS 11 84 4
Roseomonas Roseomonas ludipueritiae 1 CPI 0 3 4
Serratia Serratia ureilytica 1 MALDI-TOF MS 1 0 6

“ List of 48 species of 534 clinical isolates that were identified by phenotypic identification as species that had been rarely reported as human pathogens, with <10 reports in
PubMed. PID, phenotypic identification; CPI, conventional phenotypic identification (Gram staining, API, Vitek 2 system identification).

cies/10,000 isolates) compared with 44 species (i.e., 19 species/
10,000 isolates), respectively. This performance of MALDI-TOF
MS in annually identifying more species per isolate tested can be
explained first by the increasing numbers of colonies analyzed
from each clinical sample and a tendency to identify systematically
all isolates from a polymicrobial clinical specimen. Second, the
MALDI-TOF database is now 10 times larger than the Vitek 2
database (bioMérieux, Durham, NC), with 6,213 reference strains
compared with 330 reference strains, respectively.
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Another benefit of MALDI-TOF MS in routine identification
revealed in this study is the reduced need for secondary pheno-
typic identification, which significantly decreased the cost and
time required to provide results to clinicians. Only 50 secondary
phenotypic identifications of 110,263 clonal-bacterial isolates
tested (i.e., 4.5 reidentifications/10,000 isolates) were required
during the MALDI-TOF MS period compared with 620 of 175,999
isolates during the CPI period (i.e., 35.2 reidentifications/10,000
isolates).
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TABLE 3 Rare bacterial species identified using molecular identification”

Rare Species of Bacteria Identified by MALDI-TOF MS

No. of isolates Presence/absence
No. of isolates identifiedin ~ No. of Presence/absence of species in
identified in ~ the MALDI-  reports 48 rare of speciesin our MALDI-TOF MS
Bacterial species confirmed by No. of the CPI TOF MS in species  MALDI-TOF MS database
Phylum Genus molecular identification isolates period period PubMed by PID database (Briiker)
Actinobacteria  Actinomyces Actinomyces europaeus 3 1 2 9 Yes Present Present
Actinomyces lingnae 1 0 1 1 No Absent Absent
Actinomyces radingae 5 3 2 10 Yes Present Absent
Actinomyces urogenitalis 2 0 2 4 No Present Absent
Arthrobacter Arthrobacter cumminsii 5 4 1 4 Yes Present Absent
Bifidobacterium Bifidobacterium scardovii 1 1 0 5 No Present Absent
Brachybacterium ~ Brachybacterium muris 1 0 1 3 No Present Absent
Brachybacterium sacelli 1 0 1 3 No Absent Absent
Brevibacterium Brevibacterium massiliense 1 1 0 2 Yes Absent Absent
Brevibacterium otitidis 1 1 0 9 No Absent Absent
Brevibacterium paucivorans 2 1 1 3 Yes Present Absent
Brevibacterium ravenspurgense 1 1 0 0 Yes Present Absent
Brevibacterium sanguinis 1 1 0 2 No Present Absent
Brevibacterium stationis 1 0 1 10 No Present Absent
Corynebacterium  Corynebacterium 2 0 2 3 No Present Present
argentoratense
Corynebacterium auriscanis 3 3 0 5 Yes Present Present
Corynebacterium confusum 1 0 1 2 No Present Present
Corynebacterium coyleae 4 0 4 7 Yes Present Present
Corynebacterium durum 1 1 0 3 No Present Absent
Corynebacterium fastidiosum 1 0 1 0 Yes Absent Absent
Corynebacterium imitans 1 0 1 2 Yes Present Present
Corynebacterium 1 0 1 9 No Present Present
kroppenstedtii
Corynebacterium mucifaciens 3 0 3 6 Yes Present Present
Corynebacterium riegelii 1 0 1 6 No Present Present
Corynebacterium 1 0 1 3 No Present Present
ureicelerivorans
Dietzia Dietzia cinnamea 1 1 0 10 No Present Absent
Janibacter Janibacter hoylei 1 0 1 2 No Present Absent
Microbacterium Microbacterium aurum 2 1 1 5 No Present Present
Microbacterium chocolatum 1 1 0 1 No Absent Absent
Microbacterium flavum 1 0 1 5 No Present Absent
Nesterenkonia Nesterenkonia lacusekhoensis 1 0 1 4 No Present Absent
Propionimicrobium  Propionimicrobium 2 1 1 3 No Present Absent
lymphophilum
Trueperella Trueperella abortisuis 1 1 0 No Present Absent
Zimmermannella  Zimmermannella bifida 1 1 0 Yes Absent Absent
Bacteroidetes  Alistipes Alistipes finegoldii 1 1 0 4 Yes Present Absent
Bacteroides Bacteroides dorei 1 1 0 8 No Absent Absent
Butyricimonas Butyricimonas virosa 2 0 2 1 Yes Present Absent
Chryseobacterium  Chryseobacterium hominis 1 0 1 4 No Present Absent
Chryseobacterium vrystaatense 1 0 1 3 No Absent Absent
Peptoniphilus Candidatus Peptoniphilus 1 0 1 0 No Absent Absent
massiliensis
Porphyromonas Porphyromonas uenonis 4 4 0 2 No Present Absent
Prevotella “Candidatus Prevotella 1 1 0 1 Yes Present Absent
conceptionensis”
Wautersiella Wautersiella falsenii 2 1 1 4 No Present Absent
Firmicutes Aerosphaera Aerosphaera taetra 1 1 0 0 No Present Absent
Anaerococcus Anaerococcus octavius 2 2 0 3 Yes Present Absent
Anaerotruncus Anaerotruncus colihominis 2 1 1 2 No Present Absent
Lysinibacillus Lysinibacillus massiliensis 1 0 1 8 No Absent Absent
Catabacter Catabacter hongkongensis 1 1 0 6 No Absent Absent
Clostridium Clostridium aldenense 1 0 1 3 No Present Absent
Dialister Dialister micraerophilus 1 0 1 3 No Present Absent
Granulicatella Granulicatella para-adiacens 1 0 1 2 No Present Absent
Peptoniphilus Peptoniphilus harei 3 2 1 7 Yes Present Absent
Streptococcus Streptococcus criceti 3 0 3 10 No Present Present
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TABLE 3 (Continued)

No. of isolates Presence/absence

No. of isolates identifiedin ~ No. of Presence/absence of species in
identified in ~ the MALDI-  reports 48 rare of speciesin our MALDI-TOF MS
Bacterial species confirmed by No. of the CPI TOF MS in species  MALDI-TOF MS database
Phylum Genus molecular identification isolates period period PubMed by PID database” (Briiker)”
Streptococcus massiliensis 2 2 0 1 Yes Present Present
Streptococcus peroris 1 0 1 6 No Present Present
Turicibacter Turicibacter sanguinis 1 1 0 3 Yes Present Absent
Fusobacteria  Leptotrichia Leptotrichia trevisanii 5 4 1 3 Yes Present Absent
Proteobacteria  Acetobacter Acetobacter indonesiensis 2 2 0 9 No Absent Absent
Acinetobacter Acinetobacter parvus 1 1 0 8 Yes Present Present
Acinetobacter septicus 5 4 1 3 No Present Absent
Aurantimonas Aurantimonas altamirensis 1 0 1 9 No Present Absent
Blastomonas Blastomonas ursincola 1 1 0 5 No Present Present
Desulfovibrio Desulfovibrio intestinalis 1 1 0 5 No Absent Absent
Enterobacter Enterobacter kobei 3 0 3 10 Yes Present Present
Hematobacter Hematobacter massiliensis 3 1 2 2 No Absent Absent
Pandoraea Pandoraea pulmonicola 3 0 3 7 Yes Present Present
Pantoea Pantoea brenneri 1 0 1 1 No Absent Absent
Pantoea eucrina 1 0 1 2 No Present Absent
Pseudochrobactrum  Pseudochrobactrum 1 0 1 2 No Present Absent
asaccharolyticum
Pseudomonas Pseudomonas lurida 1 0 1 3 No Present Absent
Ralstonia Ralstonia insidiosa 1 0 1 5 No Present Absent
Roseomonas Roseomonas genomospecies 5 1 1 0 6 No Absent Absent
Rothia Rothia aeria 1 1 0 8 No Present Absent
Serratia Serratia nematodiphila 1 0 1 3 No Absent Absent
Sphingomonas Sphingomonas mucosissima 1 1 0 2 No Present Absent

7 List of 75 rare bacterial species identified using molecular identification; 18 of these species were absent from our MALDI-TOF database, and 57 species from the Briiker database.
PID, phenotypic identification; CPI, conventional phenotypic identification (Gram staining, API, Vitek 2 system identification).

Over 3 years of experience in routine identification using
MALDI-TOF MS, we observed a rise in the numbers of isolates
and species that were identified using MALDI-TOF MS. The abil-
ity to expand the database by incorporation of laboratory spectra
for bacteria that had been identified previously by molecular tech-

TABLE 4 Comparison of time, cost, and level of training required for
routine identification of one isolate using the different techniques in our
clinical laboratory

Time required

for
identification Cost
Identification technique of one isolate (euros) Level of training
Gram staining 6 min 0.6 Medium to high
API system identification ~ 18-48 h 4.6-6 Medium
(bioMérieux)
Vitek 2 system 5-8h 5.9-8.23  Medium
identification
(bioMérieux)
Molecular identification 24h 137.7 Medium to high

by 16S rRNA or rpoB
sequencing

MALDI-TOF MS by
AutoFlex II system
(Briiker Daltonik)

MALDI-TOF MS by
MicroFlex LT mass
spectrometer (Briiker
Daltonik)

6-8 min 30 s 1.43 Low to medium

1 min 46 s 1.35 Low to medium
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niques has improved the performance of MALDI-TOF MS in
identifying human-pathogenic bacteria.

Interestingly, MALDI-TOF MS identified more bacterial spe-
cies that had been rarely reported as human pathogens than CPI
did. A total of 37 of 48 rare species (77%) identified by phenotypic
techniques were identified using MALDI-TOF MS. A systematic
identification of all colonies derived from clinical samples will
increase the capacity to identify more rare species in the future.

We also evaluated the time and cost-effectiveness of MALDI-
TOF MS, which reduced by 55-fold and 169-fold the time re-
quired for identification and reduced by 5- and 96-fold the cost
compared with CPI and gene sequencing, respectively (12). The
time required for identification has been newly improved to 1 min
46 s using the MicroFlex LT mass spectrometer (Briiker Daltonik)
compared with the AutoFlex II system, which took 6 to 8 min 30 s
for identification of one isolate. The cost was evaluated at 1.35
euros for the MicroFlex LT mass spectrometer and 1.43 euros for
the AutoFlex II system.

Conclusion. We have shown the effectiveness and perfor-
mance of MALDI-TOF MS in the identification of clinical isolates
and bacterial species in routine bacterial identification in a clinical
laboratory over 11 years of study.

The ability of MALDI-TOF MS to identify a large number of
bacterial species well is leading many clinical laboratories to aban-
don traditional phenotypic identification. We have shown that
MALDI-TOF MS is not only a powerful tool for routine bacterial
identification in the clinical laboratory but also a powerful tool to
identify rare bacterial species implicated in human infectious dis-
eases.
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This capacity to identify rare species as human pathogens using
MALDI-TOF MS could be an alternative to molecular methods in
the clinical laboratory. The rapid identification of bacterial species
that were rarely or never previously described as pathogens in
specific clinical specimens will help us to study the clinical burden
due to the emergence of these species as human pathogens and to
implement their real-time surveillance.
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