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INTRODUCTION

Non-tuberculous mycobacteria (NTM) are opportu-
nistic human pathogens associated with a variety of
infections (Henkle & Winthrop, 2015). Such NTMs fre-
quently include strains of Mycobacterium abscessus
(MABS) that are primarily responsible for skin and lung
infections (Der Werf et al., 2014; Forbes et al., 2018;
McGrath et al., 2010; Mougari et al., 2016) and exhibit
multiresistance, which makes them particularly chal-
lenging to treat. Antibiotic treatment with macrolides
such as clarithromycin (CLA) or azithromycin (AZl) is
the cornerstone of MABS infection therapy (Forbes
et al.,, 2018; Nessar et al.,, 2012). However, MABS
comprises three subspecies: M. abscessus subsp.
abscessus (M. abscessus), M. abscessus subsp. mas-
siliense (M. massiliense) and M. abscessus subsp.
bolletii (M. bolletii), each exhibiting distinct CLA/AZI
susceptibility profiles (Bastian et al., 2011; Brown-
Elliott et al., 2015; Jeon et al., 2009; Koh et al., 2011,
2017; Nash et al., 2009; Richard et al., 2020; Yoshida
et al., 2015). Clinical strains of M. bolletii, as well as
approximately 70%-80% of M. abscessus strains,
possess an inducible erythromycin ribosome methyl-
transferase encoded by the erm(41) gene, conferring
inducible macrolide resistance (Bastian et al., 2011;
Brown-Elliott et al., 2015; Koh et al., 2017). In con-
trast, most strains of M. massiliense are naturally
susceptible to CLA due to non-functional erm(41)
gene (Bastian et al., 2011; Brown-Elliott et al., 2015).
These genetic differences lead to differences in the
response to treatment (Harada et al., 2012; Huang
et al., 2010).

In clinical laboratories, liquid culture methods are
widely employed for promoting mycobacterial growth
and expediting microbiological diagnosis (Pfyffer
et al., 1997). Nowadays, the identification of MABS
subspecies is performed by molecular methods,
such as PCR-reverse hybridization using commer-
cial kits or multiple gene sequencing. Matrix-Assisted
Laser Desorption/lonization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS) is a powerful tool for
the identification of bacteria (Faron et al., 2015; Hou
et al., 2019), but the identification of mycobacteria,
particularly MABS, has certain limitations and com-
mercial systems such as MALDI Biotyper® (MBT)
(Bruker®) and VITEK® MS (bioMérieux) are unable
to distinguish the different MABS subspecies (Brown-
Elliott et al., 2019; Fangous et al., 2014; Panagea
et al.,, 2015; Suzuki et al., 2015; Teng et al., 2013;
Tseng et al., 2013; Wassilew et al., 2017). The iden-
tification of mycobacteria using MALDI-TOF MS is
challenging because of the distinctive composition of
the mycobacterial wall, which necessitates a complex
mechanical and chemical extraction protocol (Alcaide
et al., 2018; Marrakchi et al., 2014). Also, liquid media
such as MGIT® (Mycobacteria Growth Indicator

Tube, BD, Sparks, MD, USA) have the disadvan-
tage of achieving lower rates of correct identification
by MALDI-TOF MS (Balazova et al., 2014; Buchan
et al., 2014; Kehrmann, Schoerding, et al., 2016; Lotz
et al., 2010). Efforts to improve the identification of
MABSc subspecies have mainly focused on the search
for distinguishing peaks in MALDI-TOF MS spectra
(Fangous et al., 2014; Panagea et al., 2015; Suzuki
et al.,, 2015; Teng et al., 2013; Tseng et al., 2013).
However, this presents reproducibility challenges,
as the presence of these distinguishing peaks var-
ies depending on the growth medium used for myco-
bacteria (Popovi¢ et al., 2021) and the technique fails
to reliably differentiate M. bolletii from M. abscessus
(Kehrmann, Wessel, et al., 2016; Suzuki et al., 2015).

Artificial intelligence (Al) approaches, however, have
the potential to enhance bacterial identification through
MALDI-TOF MS. Of the Al approaches, Machine
Learning (ML) focuses on developing algorithms that
learn from datasets to enhance performance in resolv-
ing specific problems based on the processed data. The
utilization of ML-based algorithms, known as classifiers,
has improved the performance of MALDI-TOF MS for
bacterial identification (Godmer et al., 2021; Rodriguez-
Temporal et al., 2023). An alternative approach of ML
methodology would be employing a metaclassifier to
generate a final prediction by aggregating outputs from
several classifiers. With regard to the identification of
MABS subspecies, Rodriguez-Temporal et al. evalu-
ated several ML-based algorithms to improve the per-
formance of subspecies identification. They showed
that the Random Forest (RF) algorithm, which is based
on decision trees, achieved a high level of accuracy
(95.9%) in the identification of MABS subspecies using
MALDI-TOF MS from strains grown on different solid
media (Rodriguez-Temporal et al., 2023). Furthermore,
studies are needed to confirm the effectiveness of
these ML techniques, not only for strains grown on
solid media but also for strains grown on liquid media,
which are widely used in laboratories.

In this study, we aimed to evaluate the ability of sev-
eral ML-based approaches associated with MALDI-TOF
MS to improve the identification of MABS subspecies
from solid and liquid media.

EXPERIMENTAL PROCEDURES
Bacterial isolates and cultures

Thirty-seven clinical isolates from the French National
Reference Center of Mycobacteria collection belonging
to all MABSc subspecies were used: 5 M. bolletii, 11 M.
massiliense and 21 M. abscessus (Table S1). Three ref-
erences strains (M. bolletii CIP 108541, M. abscessus
T28 CIP 104536 and M. abscessus C28 CR 5701) were
also included in our study (Table S1). Identification was
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performed by using the GenoType NTM-DR (Hain
Lifescience, Nehren, Germany) line probe assay.

The classification of mycobacteria has under-
gone significant changes in recent years, following
an important study in 2018 (Gupta et al., 2018). This
study proposed that mycobacteria should be divided
into five groups: Mycobacterium, including tubercu-
losis complex and other species such as those in
the M. avium complex; Mycobacteroides, focusing
on subspecies of M. abscessus; Mycolicibacterium,
including mycobacteria in the M. fortuitum and M.
smegmatis complexes; Mycolicibacter, highlighting
M. terrae; and Mycolicibacillus, including M. trivalis.
Although initially accepted by some scientific journals
and databases, this new classification was contro-
versial (Meehan et al., 2021; Oren & Garrity, 2020;
Tortoli et al., 2019). Eventually, the International
Journal of Systematic Evolutionary Microbiology re-
verted to Mycobacterium as the main genus. In this
context, we decided to follow traditional nomencla-
ture, keeping Mycobacterium as the main genus of
our study (Meehan et al., 2021). Regarding the sub-
species of M. abscessus complex, we propose to
name Mycobacterium abscessus subsp. abscessus
as Mycobacterium abscessus, Mycobacterium ab-
scessus subsp. bolletii as Mycobacterium bolletii and
Mycobacterium abscessus subsp. massiliense as
Mycobacterium massiliense in order to simplify the
reading of the manuscript.

Strains were subcultured from frozen stocks in aer-
obic atmosphere at 37°C on solid media (Columbia
blood agar +5% horse blood [CBA, bioMerieux®,
France]) and further plated on different media to pre-
pare the MALDI-TOF samples. First, the strains from
the CBA medium were collected at one time point after
4 to 7days of incubation. Second, from the CBA sub-
culture, an initial inoculum of 0.5 McFarland was made
and 1mL was inoculated in MGIT® (Mycobacteria
Growth to Indicator Tube) vials (BD, Sparks, MD, USA)
supplemented with 5% OADC (BD, Sparks, MD, USA)
and antimicrobials (polymyxin B, amphotericin B, nali-
dixic acid, trimethoprim and azlocillin). The strains from
the MGIT medium were collected at one time point after
1 to 2days of incubation.

MALDI-TOF MS sample preparation

One mL and one loopful of a calibrated microbial
loop of 1puL were collected for each strain from both
the MGIT® and CBA media, respectively. The protein
extraction was performed using the MycoEx® proto-
col (Bruker® Daltonics, Bremen, Germany) (Pastrone
et al.,, 2023). Rough strains had an additional step of
2minutes with ultrasonic Sonifier (Vibra-Cell™, VC
505, Newtown, USA) to dissociate the aggregates. For
each extraction, a total of 8 deposits were performed.

MICROBIAL BIOTECHNOLOGY

Dried spots were overlaid with 1pL of MALDI matrix
(10mg/mL of «-cyano-4-hydroxy-cinnamic acid [a-
HCCA] in 50% acetonitrile-2.5% trifluoroacetic acid;
Bruker® Daltonics, Bremen, Germany).

Mass spectrum acquisition and analysis

Mass spectra were acquired with a Microflex® LT in-
strument (Bruker® Daltonics, Bremen, Germany) using
the default parameters of the standardized CE-IVD
(Conformité Européenne — In Vitro Diagnostic) method
recommended by Bruker®. Each deposit was analysed
6 times, corresponding to 48 spectra per strain. An ex-
ternal calibration standard (Bacterial Test Standard;
Bruker® Daltonics, Bremen, Germany) was used for
mass calibration.

According to the Bruker® recommendations for
building a database, spectra from the same strain
were visually analysed to discard those of poor qual-
ity (Fergusson et al., 2020; Kostrzewa & Maier, 2017).
If less than 5 correct spectra were obtained from
the 48 spectra produced, protein extraction was re-
peated. The spectra were then imported into R with
the MALDIForeign package (Gibb & Franceschi, 2022).
The post-acquisition signal processing steps were car-
ried out in the R environment using the MSclassifR
and MALDIquant packages (Gibb & Strimmer, 2012;
Godmer et al., 2022). The following pipeline was used:
(i) square root intensity transformation, (ii) spectrum
smoothing (Undecimated Wavelet Transform [UDWT]
algorithm), (iii) baseline processing (SNIP for statistics-
sensitive non-linear iterative peak-clipping algorithm),
(iv) intensity calibration (TIC for Total lon Current al-
gorithm) and (v) spectrum alignment (500 ppm) using a
standard spectrum obtained from 15 deposits of the ref-
erence strain (named M. abscessus T28 CIP 104536)
of MABS and peak selection with signal-to-noise (S/N)
greater than 3. All the generated spectra were exam-
ined and analysed using PCA for the culture media and
subspecies.

Predictive models and validation by using
machine learning

After post-acquisition signal processing, the spectra
from strains were separated according to the medium
(Figure 1). Next, spectra from each medium were ran-
domly divided into two datasets for each database: the
“optimization dataset” corresponding to the spectra
from 77.5% of the strains (n=31) was used to train the
ML-based classifiers and to evaluate the performances
of different ML-based pipelines (see below) and the
“test dataset” corresponding to the spectra from 22.5%
of the strains (n=9) was used to estimate the perfor-
mances of the ML-based classifiers.
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building ML-based metaclassifiers

The spectra form the “optimization dataset” were di-
vided into two subdatasets: the “frain dataset” (70% of
the spectra or 995 spectra) was used to train the ML-
based algorithms, and the “validation dataset” (30% of
the spectra or 427 spectra) was used to measure the
performance of the generated ML-based classifiers
from the different ML-based pipelines. A total of 12 ML-
based pipelines was used to create various ML-based
classifiers using the MSclassifR R package (Godmer
et al., 2022). The ML-based pipelines were trained ac-
cording to the culture medium. The first step aimed
to eliminate non-informative peaks (corresponding
mainly to background noise) using three ML algorithm
methods: (i) Recursive Feature Elimination coupled to
Random Forest (RFE-RF) to iteratively eliminate non-
discriminant peaks using a Random Forest (RF) algo-
rithm; (ii) selection of discriminant peaks statistically
(SelectionVarStat) using an analysis of variance test to
determine whether the intensities of peaks were sig-
nificantly different between groups; (iii) sparse partial
least squares discriminant analysis (sPLS-DA) with k-
folds cross-validation (k=5). In this process, in a first
iteration, the first fold (k=1) is used as a test for the
algorithm, while the others (k=4) are used for train-
ing; this process is then repeated until every fold has
been used as a test set. The second step to evaluate
the performance of the ML-based pipelines consisted
of injecting the previously selected informative peaks
into ML algorithms trained with k-folds cross-validation
(k=5). Four ML algorithms were implemented in this
study: linear regression (multinom), single-hidden-
layer neural network (nnet), RF (Random Forest) and
SVM (linear Support Vector Machine). According to

the predictions of each ML algorithm from the differ-
ent pipelines, the performance (Cohen's Kappa co-
efficient, called Kappa coefficient in this study) was
estimated for each “validation dataset” for each ML
pipeline. Each ML-based pipeline was run 10 times with
randomly searched hyperparameters (which deter-
mined the behaviour of the model). Due to imbalanced
data, three resampling methods were used during the
training process: the down-sampling method, which
randomly removes spectra from majority classes; the
up-sampling method, which randomly replicates spec-
tra from minority classes; and the Synthetic Minority
Sampling TEchnique (SMOTE), which uses an ML
algorithm (K-nearest neighbours) to generate new
spectra for the minority classes. The combination of
the ML-based methods was labelled as “Selection vari-
ables Method-ML-algorithm”.

We developed 2 metaclassifiers (called
Metaclassifier-ML-CBA or Metaclassifier-ML-MGIT,
according to the medium) that combine predictions
using averages to produce a final prediction using
a ‘soft voting’ approach. The performances of these
metaclassifiers were evaluated on the “fest dataset”.
In constructing these metaclassifiers, the follow-
ing approach was applied according to each type of
medium: selection of the best-performing ML-based
algorithm identified by statistically significant and
mostly higher Kappa coefficients compared to other
pipelines. If none of the ML-based algorithms per-
formed better than the others, a combination of ML-
based classifiers from the ML-based pipeline whose
classifier had obtained the best observed perfor-
mance was carried out. These metaclassifiers were
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called Metaclassifier-ML-CBA or Metaclassifier-ML-
MGIT, according to the medium.

Evaluation of the performance of the
ML-based pipelines and statistical
analysis

To evaluate comprehensively the ML-based classifiers
within the ML-based pipelines, several metrics were
used to estimate performances on the “fest dataset”.
accuracy (proportion of correctly classified spectra out
of the total), sensitivity (corresponding to the proportion
of well-identified spectra in this study per subspecies)
and the reliability of identification (represents the per-
centage of certainty of correct identification and cor-
responding to the positive predictive value).

Metrics specific to the ML field were also used to
account for unbalanced data: the Kappa coefficient
(measuring inter-rater reliability and ranging from —1
[complete disagreement] to 1 [complete agreement])
and F1-score (i.e. the harmonic mean of positive pre-
dictive value [referred to as precision in the ML field]
and recall [referred to as sensitivity in the ML field]).
The performances of the different methods (measured
by the Kappa coefficient, which assesses the reliabil-
ity of identification between each ML-based classifiers
and the molecular reference method) were compared
by considering ML-based pipelines, selection variables
methods and ML-based algorithms using the one-
tailed Wilcoxon signed ranks test with the Benjamini—
Hochberg correction.

Specific peak analysis for
differentiation of subspecies

Specific peaks with a frequency=95% in at least one
subspecies and<5% in another subspecies were iden-
tified using an in-house programme in the environment
R. To visualize the peaks, an average spectrum was
generated by using the R plotly package (Sievert 2020),
which includes aligned masses (tolerance=150ppm)
and the average intensities for each species accessible
online at https://agodmer.github.io/MABSc/. The peaks
were considered identical with a maximum deviation of
5Da.

RESULTS

MABS isolates identification by the
Bruker® MALDI Biotyper® (Table S2)

Ninety-seven per cent (i.e. 1777/1826 spectra) of the
spectra identified with the MBT 3.1 and Mycobacteria
Library version 5.0, regardless of culture medium, had

MICROBIAL BIOTECHNOLOGY

a score 1.8, indicating a high probability of MABS in
accordance with the Bruker® manufacturer's recom-
mendations for identification of mycobacteria at the
complex level. Regardless of the associated score
(minimum: 1.46; maximum: 2.36), all spectra tested re-
sulted in identification as MABS by the MBT, whereas
only a few strains were correctly identified at the spe-
cies level when the top match gave a subspecies iden-
tification. For the strains grown on CBA, the software
MBT has rendered an identification as a subspecies for
59% (577/977) of the spectra obtained, and the rates
of correct identification for M. bolletii, M. massiliense
and M. abscessus were 5.9% (7/119), 67.9% (95/140)
and 81.1% (258/318), respectively. For strains grown on
MGIT®, the software MBT has rendered an identifica-
tion as a subspecies for 90.6% (769/849) of the spec-
tra, and the rates of correct identifications for M. bolletii,
M. massiliense and M. abscessus were 9.2% (10/109),
35.5% (76/214) and 93.9% (419/446), respectively.

Specific peak analysis for subspecies
discrimination of MABS

All protein peaks reported in previous studies were
searched for among the analysed isolates. No unique
subspecies specific peaks were found from spectra ob-
tained from strains grown on MGIT®, whereas two dis-
criminant peaks were found from spectra obtained from
strains grown on CBA. The two peaks (m/z=8766 and
8780) were useful to discriminate M. massiliense from
the other subspecies, but no discriminant peak was
found to distinguish between M. bolletii and M. absces-
sus (Figure 2). In particular, the peaks m/z=2081, 3378
and 7637 considered to be discriminating in previous
studies were found to have comparable frequencies in
the three subspecies in our study (Table 1).

Analysis of isolates by unsupervised
algorithms

Through the analysis of all isolates by principal compo-
nent analysis (PCA), different variables were analysed:
the MABS subspecies, the type of culture media. Types
of culture media formed clusters (Figure 3A), whereas
the strains belonging to different MABS subspecies
overlapped in both clusters (Figure 3B).

Identification of MABS isolates using
ML-based pipelines through the “test
dataset”

A total of 1826 spectra were generated and analysed
from the 40 strains included in the study, representing
977 and 849 spectra from strains grown on CBA and
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FIGURE 2 Visualization of two discriminant peaks able to distinguish Mycobacterium massiliense from the two other subspecies from
Mycobacterium abscessus on solid medium (CBA for Columbia Blood Agar). This visualization tool is available at https://agodmer.github.io/

MABSc/

MGIT®, respectively. The performances (Kappa co-
efficient and accuracy) were higher for the ML-based
classifiers trained with spectra obtained from strains
grown on CBA compared to MGIT® (p<2.107'%%). This
confirms a significant difference between the spectra
depending on the culture medium, as seen previously
in the PCA (Figure 3).

For spectra obtained from strains grown on CBA
and across all ML-based pipelines tested, an aver-
age of 89% of spectra were accurately identified,
consistent with the molecular reference method (cor-
responding to a mean xstandard deviation accuracy of
0.89+0.01). In addition, the mean tstandard deviation
Kappa coefficient deviation was at 0.85+0.15. The RF
algorithm obtained significantly better performances
than the other algorithms (p<1072%) (Table S3). More
specifically, the ML-based pipelines trained with RF
algorithms exhibited mean F1-scores and recall (sen-
sitivity) exceeding 0.89 irrespective of the subspecies
(Table S4). These performances translated to a mean
correct identification rate of at least 98% for M. ab-
scessus and M. massiliense and between 90 and 95%
for M. bolletii (Table S4). Given these results, the ML-
based classifiers trained with RF were used to develop
a metaclassifier.

For spectra obtained from strains grown on MGIT®,
ML-based pipelines trained with RF algorithms exhib-
ited lower mean F1-score, sensitivity and specificity

than those obtained for spectra obtained for strains
grown on CBA (Table S4). The global performances
translated to a correct identification of up to 80%,
67% and 78% for M. abscessus, M. massiliense and
M. bolletii, respectively. The differences between ML-
based algorithms (excluding method for selecting
non-informative peaks) were not significantly differ-
ent (p>0.2) (Table S3). However, unlike the spectra
obtained from CBA medium, whose best-performing
ML-based classifier was RF, the one designed with the
(sparse Partial Least Squares-linear Support Vector
Machine) pipeline obtained the highest performance
with Kappa coefficient and accuracy of 0.66 and 0.81,
respectively. Given these results, the ML-based classi-
fiers trained sPLSDA-SVM pipeline were used to de-
velop a metaclassifier.

Identification of MABS isolates using
metaclassifiers through the “test dataset”

For the spectra obtained from strains grown on CBA,
predictions from the ML-based classifiers performed
with the RF algorithm resulted in the Metaclassifier-ML-
CBA (Table 2). For the spectra obtained from strains
grown on MGIT®, predictions from the ML-based
pipeline (sPLSDA-SVM classifiers) were used to de-
velop the Metaclassifier-ML-MGIT (Table 2). Overall,
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FIGURE 3 Principal component (A)
analysis (PCA) of all isolates included in

the study coloured according to: (A) the

culture media (solid medium, CBA for

Columbia Blood Agar in yellow triangles)

and liquid medium (MGIT® in blue

circles); (B) the subspecies with spectra 9 Medium
(M. abscessus in blue circles, M. bolletii e __ [®] Liquid (MGIT®)
in yellow triangles and M. massiliense in o .
grey squares). g Solid (CBA)
(B)

Subspecies

[e] M. abscessus
M. bolletii
M. massiliense

Dim2 (2.5%)

Dim1 (5.8%)

TABLE 2 Performance of identification of generated spectra from MABS isolates using metaclassifiers through the “test dataset”
versus the molecular reference method.

MABS subspecies MABS subspecies identification according to the reference
identification method
according to the

Medium metaclassifiers M. abscessus M. bolletti M. massiliense Total Reliabilityb

CBA M. abscessus 119 119 100%°
M. bolletti 24 24 100%°
M. massiliense 72 72 100%"
Total 119 24 72 215 100%°
Rate of correct 100%° 100%° 100%° 100%°
identification®°

MGIT® M. abscessus 99 16 24 139 71.2%"
M. bolletti 4 4 100%"°
M. massiliense 4 42 46 91.3%"
Total 101 20 66 187
Rate of correct 98%° 20%* 63.6%"° 77.5%°

identification®®

Abbreviations: CBA, Columbia Blood Agar; MABS, Mycobacterium abscessus; MGIT®, Mycobacteria Growth Indicator Tube.

#Rate of correct identification corresponds to sensitivity (proportion of correct identification for a subspecies/total of identification for a subspecies).
bReliability corresponds to positive predictive value (proportion of correct identifications among positive predictions for a subspecies).

¢ Global rate of correct identification (number of corrected spectra identified/total spectra).

values in bold: rate of correct identification (by subspecies or overall) and reliability
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the rates of correct identification were 100% (215/215)
and 77.5% (145/187) using the Metaclassifier-ML-CBA
and Metaclassifie-ML-MGIT, respectively. Using the
Metaclassifier-ML-CBA, all the strains were correctly
identified whatever the subspecies, whereas using
the Metaclassifier-ML-MGIT, the correct identification
rates were lower: 98% (99/101), 20% (4/20) and 63.6%
(42/66) for M. abscessus, M. bolletii and M. massil-
iense, respectively.

DISCUSSION

MABS's subspecies identification is crucial for timely
medical treatment, since the different subspecies dis-
play different susceptibility profiles to macrolides that
are the cornerstone of treatment. Since the available
tools to identify NTM are mainly based on molecular
methods that are cumbersome and require trained
staff, a simple and rapid method for the identification
of MABS subspecies such as MALDI-TOF MS would
be of great medical interest. A previous study had the
same objective as ours, that is to develop the discrimi-
nating potential of MALDI-TOF combined with ML tech-
niques for MABS subspecies (Rodriguez-Temporal
et al.,, 2023).

As previously reported, the initial observation re-
vealed that the commonly utilized commercial MBT
Bruker® system in microbiology laboratories lacks the
capability to routinely differentiate the different sub-
species of MABS (Brown-Elliott et al., 2019). First, the
initial match reported a subspecies name only for three-
quarters of cases (73.7%, 1346/1826). Second, when
an identification was proposed, it was correct in only
two-third of cases (64.3%, 865/1346). Thus, identifica-
tion was correct in only half of cases (47.4%, 865/1826)
as compared with molecular techniques.

The search for discriminating peaks, utilized to
enhance MALDI-TOF MS performance in identifying
MABS subspecies, was initially chosen for simplicity
purpose. However, spectral variations based on the
medium and instrument employed may impact the
presence or absence of distinctive peaks (Table 1)
(Popovi¢ et al.,, 2021). Our assessment evaluated
the identification of all three MABS subspecies, un-
like some studies that have focused on only two sub-
species (Panagea et al., 2015; Teng et al., 2013). We
confirmed that the discriminant peaks at m/z=8766
and 8780 enable the differentiation of M. massil-
iense from M. abscessus and M. bolletii (Table 1).
However, these peaks were discriminatory only for
strains grown on CBA and did not show the same
discriminatory power for strains grown on MGIT®.
Previous research from Japan, Taiwan and China
has already identified these peaks as discriminatory
markers (Suzuki et al., 2015; Teng et al., 2013; Tseng
et al.,, 2013). Also, a study conducted in Germany

showed a significant association between one of
these two peaks (m/z=8780) and a frequency exceed-
ing 89% in M. abscessus and M. bolletii, which was
absent in M. massiliense strains grown in MGIT® me-
dium (Table 1) (Kehrmann, Schoerding, et al., 2016).
However, our findings differ from those of a US study
and a multicentre European study, which reported
lower frequencies and less discrimination associated
with these peaks (Panagea et al., 2015; Rodriguez-
Temporal et al., 2023) (Table 1). These differences in
discriminating peaks may be explained by the pres-
ence of hybrid proteomes due to horizontal gene
transfer (Fangous et al., 2014; Jeon et al., 2014; Luo
et al., 2016; Sapriel et al., 2016), but also by the dif-
ferent epidemiology of circulating strains in different
countries, which probably do not have the same pro-
teome (Ruis et al., 2021).

Anotherimportant result of our study is the higher rate
of correct identification for strains grown on CBA me-
dium compared to strains grown on MGIT® (Figure 3).
This difference has been observed previously for my-
cobacteria (Balazova et al., 2014; Lotz et al.,, 2010)
and may be due to the fact that liquid medium contains
supplements that might alter spectra. For example, the
MGIT® media usually contains supplemental compo-
nents, such as OADC (oleic acid—albumin—dextrose—
catalase) that are difficult to rinse out, and can alter the
spectra (Anderson et al., 2011; Garrigos et al., 2021;
Quinlan et al.,, 2015). In addition, the rinsing stages
during the preparation of the strains for MALDI-TOF
MS are responsible for a loss of biomass, which might
have an impact in MGIT® as compared to solid media
(Anderson et al., 2011; Garrigos et al., 2021; Quinlan
et al., 2015). This major limit for mycobacterial diag-
nosis already observed in old studies is not solved by
ML. However, in this study, we evaluated three differ-
ent ML-based algorithms to eliminate non-informative
peaks. This approach enabled us to determine that dif-
ferent ML method should be used depending on the
medium used. Indeed, the RFE-RF technique has a
higher efficiency than the other methods for analysing
spectra derived from solid media (p<10~°, Table S3),
whereas the “SelectionVarStat” method provided the
best performance for analysing spectra from liquid
media, (p<10"", Table S3). Interestingly, we did not
observed differences in PCA according to morphology
of the strains (smooth or rough) contrarily to Rodriguez
Temporal et al. (data not shown), possibly because we
add an additional step in the extraction process (i.e. the
use of ultrasonic Sonifier), which participated to obtain
more homogeneous extractions (Rodriguez-Temporal
et al., 2023).

The main goal of our study was to evaluate the
benefit of the ML-based approach for MABS subspe-
cies identification. In contrast to the approach based
on the search for discriminating peaks, the ML-based
approach seems reliable for distinguishing the three
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MABS subspecies grown on solid medium. In this re-
gard, the Metaclassifie-ML-CBA gave encouraging
results in our study (accuracy at 1 for spectra from the
“test dataset”). These results are in line with a recent
study that has shown a rate of correct identification as
high as 88.6% for MABS subspecies isolated from four
European countries (Rodriguez-Temporal et al., 2023).
In this European study, using two types of solid media
(Lowenstein—Jensen and Middlebrook 7H11 agar), no
spectral differences were observed based on these
solid media types, and the authors demonstrated a
high accuracy rate of 96.5% for 164/170 isolates with
identical identification on three spots on strains grown
on solid media. The current study confirms the supe-
riority of solid over liquid media, even when using a
non-mycobacteria dedicated medium such as CBA,
we obtained better performances than with the myco-
bacteria specific liquid medium MGIT®. These results
suggest solid media to be the media of choice for the
identification of MABS subspecies by MALDI-TOF MS.
A combination of factors may account for these perfor-
mances, including the presence of the discriminatory
peaks and the improved spectral quality of solid media.

Another point of interest is that the highest perfor-
mance in our study was obtained with the RF algo-
rithm, which is in line with the findings of Rodrigues
et al. (Rodriguez-Temporal et al., 2023). Our results
confirm that the use of this algorithm is particularly
effective for the discrimination of MABS subspecies.
The RF algorithm also showed good performance for
the discrimination of closely related species from the
Enterobacter cloacae complex using MALDI-TOF MS
(Candela et al., 2023). Given the absence of guidelines
for applying ML to MALDI-TOF data analysis in microbi-
ology (Greener et al., 2022), it may be advisable to use
this algorithm consistently in such analyses.

Although our study brings new data to the field, there
are still important limits to the routine use of MALDI-
TOF MS for mycobacteria identification in clinical lab-
oratories. First, despite the ML-based approach, the
identification of mycobacteria grown in MGIT® media
remains a significant challenge. This is evidenced by
the fact that none of the ML-based classifiers trained
on MGIT® spectra produced results considered suit-
able for routine laboratory use. Several approaches
that could be considered to improve the performance of
the ML-based classifiers, including the use of a higher
volume of medium to increase the amount of extracted
biomass and other ML methods, which might allow intri-
cate patterns in complex datasets to be found (Candela
et al.,, 2022). Second, horizontal gene transfer influ-
ences the evolution of MABS subspecies (Macheras
et al., 2014), leading to certain strains acquiring a hybrid
proteome with biomarkers from both M. massiliense
and M. abscessus, potentially impacting the accuracy
of subspecies differentiation (Fangous et al., 2014;
Macheras et al., 2014). Notably, the reference method

MICROBIAL BIOTECHNOLOGY

in this study is approximately 92% reliable in identifying
MABS's subspecies, necessitating confirmation results
through multiple targets in molecular techniques (Huh
et al., 2019; Kehrmann, Kurt, et al., 2016). Finally, the
Metaclassifie-ML-CBA was performed on CBA me-
dium because it is commonly used in bacteriology and
recommended by Bruker® for the construction of the
spectral database (Egli et al., 2015; Kehrmann, Kurt,
et al., 2016; Huh et al., 2019). Although ML-based al-
gorithms show promise for improving MALDI-TOF
performance, they are still research tools. Therefore,
they need to be evaluated on large and various data
sets as well as having user-friendly interface to be inte-
grated in routine use (Abdrabou et al., 2023; Candela
et al., 2023; Rodriguez-Temporal et al., 2023).
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