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ABSTRACT

Introduction: The genus Morganella, including clinically isolated species M. sibonii and M. morganii, has a still underexplored role in clinical microbiology. Despite the
clinical relevance of Morganella spp., current MALDI-TOF commercial systems fail to differentiate these species. Whole genome sequencing (WGS) remains the most
effective method to distinguish species. However, this method is not adapted for routine lab workflow. Enhancing MALDI-TOF’s accuracy could make it a rapid and
effective approach for distinguishing Morganella species in routine laboratory diagnostics.

Objectives: This study aims to improve the performance of MALDI-TOF for identifying Morganella spp. using WGS as the gold-standard reference method.
Methods: We applied Machine Learning (ML) algorithms to a collection of 235 clinicial Morganella spp. strains to develop an optimized identification model. Whole
genome sequencing was used to characterize these strains and perform phylogenetic analysis, categorizing 209 strains as M. morganii and 26 as M. sibonii.
Results: The ML-based classifiers showed improved identification accuracy (44 of the 160 designed with accuracy at 1). Also, MS analysis identified 11 peaks able to
discriminate between M. morganii and M. sibonii.

Conclusion: Through development of a publicly-available online ML-based classifier, this study has improved the capacity of MALDI-TOF for distinguishing Morganella
spp., providing a reliable, user-friendly solution suited to routine clinical diagnostics and supporting a better understanding of the roles of M. morganii and M. sibonii
in human pathology.

Introduction M. morganii, has been proposed as a third species [2].

M. sibonii differs from M. morganii in its biochemical traits, potential

Morganella spp. are facultative anaerobic Gram-negative rods
belonging to Enterobacterales. Until recently, the Morganella genus
comprised two major species: M. morganii, a clinically relevant species,
and M. pyschortolerans, associated with seafood poisoning by histamine

virulence factors, and intrinsic resistance features. Notably, M. sibonii’s
genome contains a trehalose operon (hydrolyzing trehalose as a carbon
source), absent in M. morganii [3]. Downstream of this operon, a type VI
secretion system (T6SS) and a type III secretion system (T3SS) were

production [1]. Recently, M. sibonii, formerly a subspecies of identified, which may influence pathogenicity [2].

Abbreviations: a-HCCA, Alpha-Cyano-4-Hydroxycinnamic Acid; blaDHA, Beta-Lactamase DHA-type; CE-IVD, Conformité Européenne - In Vitro Diagnostic; Kappa,
Cohen’s Kappa Coefficient; KPC, Klebsiella Pneumoniae Carbapenemase, M.; morganii, Morganella morganii; M. sibonii, Morganella sibonii; MALDI-TOF MS, Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry; m/z, Mass-to-Charge Ratio; mda, Mean Decrease Accuracy; ML, Machine Learning; MS, Mass
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Morganella spp. produce a class C p-lactamase (blapya_like) confer-
ring resistance to amoxicillin as well as first- and second-generation
cephalosporins. They are intrinsically resistant to polymyxins, macro-
lides, and fosfomycin and show decreased susceptibility to imipenem
[4]. Interestingly, wild-type M. sibonii possesses the tetD-like gene
resulting in resistance to tetracycline, whereas wild-type M. morganii
lacks this gene and remains susceptible [2]. M. morganii is an opportu-
nistic pathogen involved in various infections [4]. The high mortality
rate of these infections highlights the importance of studying Morga-
nella spp. [5]. Several studies have shown that M. morganii is enriched in
the microbiota genome of patients with inflammatory bowel disease and
colorectal cancer [6-8]. Cao et al. demonstrated that M. morganii can
produce indoleamine, exacerbating colon tumorigenesis in gnotobiotic
mice [9].

Despite these findings, the epidemiology and pathogenesis of Mor-
ganella spp. remain poorly understood. Although rapid differentiation of
these species in clinical microbiology laboratories does not directly
provide additional insights into pathogenicity, it greatly facilitates
routine identification and epidemiological surveillance which remain
largely unexplored for Morganella spp.. Whole genome sequencing
(WGS) accurately distinguishes these species and can detail pathogenic
differences; however, its complexity and cost limit routine use. In
contrast, Matrix-assisted Laser Desorption/Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF) is widely adopted for its speed, cost-
effectiveness, and ease of integration into clinical workflows [10,11].
However, commercial MALDI-TOF systems, such as MALDI BioTyper®
(Bruker®) and VITEK® MS (bioMérieux), have limitations in dis-
tinguishing between M. morganii and M. sibonii, due to genetic and
spectral similarities. Machine learning (ML) algorithms present a
promising solution to overcome these limitations by enhancing MALDI-
TOF’s identification accuracy, expanding its potential as a rapid, low-
cost method for routine species differentiation [12-14]. This study
aims to improve MALDI-TOF performance in accurately distinguishing
clinically relevant Morganella species by integrating an ML-based
approach, with WGS as the gold standard.

Materials and methods

A total of 235 Morganella spp. strains isolated between 1966 and
2023 were used for this study. From 2020 to 2023, 96 strains were
collected from clinical isolates at Kremlin-Bicétre and Paul-Brousse
hospitals in France (Supplemental Table 1). The remaining 137 strains
were part of an international study on multi-drug-resistant strains from
various European countries between 1966 and 2022 [2]. As only fully
anonymized patient samples were used that were not obtained specif-
ically for use in this study through an interaction or intervention with
living individuals, neither informed consent nor IRB review were
required. WGS was performed using [llumina® technology (HiSeq sys-
tem), with reads assembled using Shovill v1.1.0 and Spades v3.14.0.
Resistome analysis used ResFinder databases, and species determination
was performed through phylogeny using reference genomes, visualized
with iTOL v6.5.2. Isolates were stored at —80 °C (Microbank, Inc.,
Canada), thawed, and cultured on Mueller-Hinton agar at 37 °C for
18-24 h. Subcultures were performed the next day, with three deposits
from each strain using the direct transfer method. Spots were covered
with 1 pL of MALDI matrix [a-HCCA] (Bruker® Daltonics, Bremen,
Germany). Mass spectra were acquired with a Microflex® LT instrument
(Bruker® Daltonics, Bremen, Germany) using the default CE-IVD
(Conformité Européenne — In Vitro Diagnostic) method parameters
recommended by Bruker®. Post-acquisition signal processing was per-
formed using the MALDIquant R package following a standard pipeline
(Supplemental Table 2) [15].

Concerning ML analysis, the spectra were divided into a training
dataset (72.8 % of the spectra, 171 strains) for classifier training and a
test dataset (21.2 % of the spectra, 64 strains) for performance assess-
ment (Supplemental Fig. 1). Each strain’s spectra were exclusive to one
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dataset. Sixteen ML-based pipelines were developed using the MSclas-
sifR package to perform ML-based classifiers [15]. Non-informative
peaks were removed using three methods: Recursive Feature Elimina-
tion with Random Forest (RFERF), “SelectionVarStat” for peak selection
via multiple hypothesis testing, and “Mean Decrease Accuracy” (mda)
using variable importances of random forests [15]. A pipeline without
discriminant peak selection was also implemented to evaluate this step’s
influence. Four ML algorithms were employed: linear logistic multino-
mial regression (multinom), single hidden layer neural network (nnet),
random forest (RF), and support vector machines with linear kernel
(SVM).

Each pipeline was characterized by the method used to remove non-
informative peaks and the ML algorithm used to classify mass spectra.
Performance was measured on the test dataset using Cohen’s Kappa
coefficient (Kappa) and accuracy.

The mass spectra were processed as described in Supplemental
Table 2. Masses were aligned within a 500 ppm tolerance, and peak
binning was performed using a maximum deviation of 500 ppm. For
each species, peak frequency was calculated as the percentage of mass
spectra in which a given peak was detected. This was determined by
dividing the number of mass spectra containing the peak by the total
number of mass spectra for that species. Peaks were then filtered based
on their occurrence across species: only those detected in at least 90 % of
the spectra from one species and in no more than 10 % of the spectra
from the other species were retained. A tool for viewing the spectra
peaks of both species is available at: https://agodmer.github.io/Mo
rganella/.

Results
ML-based approach

Among the 235 Morganella spp. isolates, 209 M. morganii and 26
M. sibonii were identified by WGS. Resistome analysis detected 102
carbapenemase producers, including 47 NDM-1, 8 NDM-5, 3 NDM-7, 19
0OXA-48, 1 OXA-204, 1 OXA-641, 19 KPC-2, 2 VIM-1, 1 NDM-1 + KPC-2,
and 1 NDM-1 + OXA-48 (Supplemental Fig. 2). A total of 705 spectra
(obtained as triplicates per strain) were generated for the ML-based
approach. The 16 ML-pipelines led to the creation of 160 ML-based
classifiers. The average Kappa coefficient and accuracy, along with
their standard deviation for all classifiers, were 0.76 & 0.31 and 0.88 &
0.22, respectively (Supplemental Table 3). The best pipelines, “Selec-
tionVarStat-RF,” “RFE-SVM,” “RFE-RF-RF,” and “mda-RF,” had Kappa
values of 1 + 0, 1 + 0.01, 0.99 + 0.03, and 0.98 + 0.03, respectively,
indicating high agreement with the WGS (Fig. 1, Supplemental Table 4).
The RF algorithm showed statistically better Kappa performance across
others algorithms (p < 107, Supplemental Table 5). Peak selection
methods like “mda” and “RFE-RF” were statistically more efficient than
methods without peak selection (p < 10”2, Supplemental Table 5). Of
note, with our metholody, “RFE-RF” selected fewer peaks (10 + 2.03)
compared to “mda” (195 + 15.4) (Supplemental Table 6). A total of 44
models, 20 using RFE-RF and 29 using the RF algorithm, achieved a
Kappa of 1, indicating perfect agreement with the WGS. The most
suitable pipelines were “RFERF-RF” and “RFERF-SVM,” achieving high
performance with fewer peaks.

Peak discriminant analysis

Among the 1297 peaks analyzed, 11 strongly discriminated between
the two species (Table 1). For M. morganii, peaks at 8979.44 m/z,
4490.09 m/z, 4962.53 m/z, and 9923.59 m/z were detected in 99.84 %,
99.36 %, 95.85 %, and 93.46 % of spectra, respectively, while these
peaks appeared in only 3.85 %, 3.85 %, 3.85 %, and 5.13 % of M. sibonii
spectra. Conversely, peaks at 9006.82 m/z, 6931.90 m/z, 10678.12 m/z,
9451.01 m/z, 9609.74 m/z, 4970.53 m/z, and 9530.61 m/z were
observed in more than 91 % of M. sibonii spectra and in less than 5.6 % of
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Fig. 1. Performance of the Machine Learning-based pipelines (each trained 10 times) according to the Kappa coefficient. Notes: mda for “Mean Decrease Accuracy”
using variable importances of random forests; multinom: selection linear regression; nnet for single hidden layer neural network; “noSelectionVar” for without
selection of discriminant peak; RF: random forest; RFERF for Recursive Feature Elimination with Random Forest; “SelectionVarStat” for peak selection via multiple
hypothesis testing; SVM for support vector machines with linear kernel. The effectiveness of Machine Learning (ML)-based pipelines was tested by integrating

selected peaks into ML-based algorithms trained via 4-fold cross-validation.

Table 1
Discriminant peaks found in this study in order to separate the species
M. morganii and M. sibonii.

Peak (m/z) M. morganii*frequency of the M. sibonii*frequency of the peak %

peak % (number of times the peak is
(number of times the peak is present / the total spectra)
present / the total spectra) %

8979.44 99.84 (417/418) 3.85 (3/78)

4490.09 99.36 (415/418) 3.85 (3/78)

4962.53 95.85 (401/418) 3.85(3/78)

9923.59 93.46 (391/418) 5.13 (4/78)

9006.82 0.80 (3/418) 96.15 (75/78)

6931.90 0.64 (3/418) 92.31 (72/78)

10678.12 0.48 (2/418) 91.03 (71/78)

9451.01 1.91 (8/418) 92.31 (72/78)

9609.74 4.15 (17/418) 93.59 (73/78)

4970.53 3.35 (14/418) 92.31 (72/78)

9530.61 5.58 (23/418) 91.03 (71/78)

* frequencies were estimated with the total of 418 and 78 spectra of M. morganii
and M. sibonii, respectively.

M. morganii spectra. Among these discriminant peaks, one notable mass
shift was detected. The peak at 4962.53 m/z in M. morganii versus the
peak at 4970.53 m/z in M. sibonii shows an 8 Dalton difference, which is
within the range typically expected for minor protein variations in
MALDI-TOF analyses (Fig. 2).

Discussion

Morganella species play a significant role in human clinical settings,
and there may be different levels of virulence between species [2].
Distinguishing between these species is important for monitoring their
epidemiological distribution and optimising routine diagnostics, even if
detailed analysis of pathogenic differences is still a matter for WGS.

This study aimed to provide a simple, rapid, accurate and cost-
effective method to differentiate between the two most common Mor-
ganella species in human pathology using MALDI-TOF. Two approaches
were evaluated: a peak-based approach identified five discriminant
peaks accurately distinguishing the species (Table 1), and ML-based
classifiers. These classifiers showed promising results, with ML-based

11

classifiers among the 160 evaluated achieving perfect agreement with
the gold standard (Kappa = 1), corresponding to 100 % accuracy on the
test set which was fully independent from the training set and composed
of 192 unseen spectra corresponding to 64 strains, including 57 strains
of M. morganii and 7 strains of M. sibonii.

Despite the class imbalance with M. sibonii representing only 11 % of
isolates and M. morganii 89 %, our ML-based approach achieved accu-
rate classification. This imbalance is consistent with the low clinical
prevalence of M. sibonii, which accounts for only about 5 % of the 363
clinical strains, as reported by Chen et al. [16]. The robust generaliza-
tion performance observed across the 44 ML-based classifiers indicates
that the limited representation of M. sibonii did not significantly impair
overall classifier effectiveness. A plausible explanation for this phe-
nomenon is that the removal of non-informative peaks in the ML-based
pipeline resulted in the selection of highly discriminating peaks (as
detailed in Table 1) that effectively differentiate the two species.

Notably, classifiers using a limited subset of peaks (“RFERF-RF”,
“RFERF-SVM”) identified the same peaks as in Table 1. The ML-based
approach streamlined the identification process, eliminating the need
for a manual algorithm and offering an accessible online solution for
routine use. In addition, the RF algorithm was found to be the most
robust and accurate for analyzing spectral data, as previously reported
in the literature [13,14]. In addition, these ML-based methods are useful
for detecting subtle mass shifts that could reflect minor differences in
protein isoforms or post-translational modifications relevant to species
differentiation (Fig. 2).

This work represents a significant improvement in the differentiation
of Morganella species by MALDI-TOF. This advance could improve the
clinical diagnosis of Morganella spp. and also contribute to a better un-
derstanding of the prevalence of M. sibonii versus M. morganii, as well as
their respective involvement in human pathology. However, the study
was monocentric, which may introduce bias. A multicentre evaluation
will be required to validate the accuracy, sensitivity, and specificity of
our ML-based classifier, and to improve its robustness and applicability
where necessary. To facilitate this work, an ML-based classifier is pub-
licly available (https://bigbiomed.shinyapps.io/MorgaMSclassifR/).

Of note, M. psychrotolerans, which is rarely isolated from human
samples, was excluded from the analysis [17].
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Fig. 2. Visualization of two discriminant peaks able to distinguish M. morganii from M. sibonii. This visualization tool is available at https://agodmer.github.io/Mo

rganella/. Notes: m/z for Mass-to-Charge Ratio.
Conclusion

This study improves the capability of MALDI-TOF to distinguish
Morganella spp., providing a reliable, user-friendly solution suited to
routine clinical diagnostics. By accurately identifying M. morganii and
M. sibonii, this approach supports better understanding of their roles in
human pathology.
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