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MALDI‑TOF as a powerful tool 
for identifying and differentiating 
closely related microorganisms: 
the strange case of three reference 
strains of Paenibacillus polymyxa
Ilaria Lebano 1*, Fabio Fracchetti 2, Mario Li Vigni 1, Juan Fernando Mejia 1, Giovanna Felis 3,4 & 
Silvia Lampis 3,4*

Accurate identification and typing of microbes are crucial steps in gaining an awareness of the 
biological heterogeneity and reliability of microbial material within any proprietary or public 
collection. Paenibacillus polymyxa is a bacterial species of great agricultural and industrial importance 
due to its plant growth‑promoting activities and production of several relevant secondary metabolites. 
In recent years, matrix‑assisted laser desorption ionisation time‑of‑flight mass spectrometry (MALDI‑
TOF MS) has been widely used as an alternative rapid tool for identifying, typing, and differentiating 
closely related strains. In this study, we investigated the diversity of three P. polymyxa strains. The 
mass spectra of ATCC  842T, DSM 292, and DSM 365 were obtained, analysed, and compared to select 
discriminant peaks using ClinProTools software and generate classification models. MALDI‑TOF MS 
analysis showed inconsistent results in identifying DSM 292 and DSM 365 as belonging to P. polimixa 
species, and comparative analysis of mass spectra revealed the presence of highly discriminatory 
biomarkers among the three strains. 16S rRNA sequencing and Average Nucleotide Identity (ANI) 
confirmed the discrepancies found in the proteomic analysis. The case study presented here suggests 
the enormous potential of the proteomic‑based approach, combined with statistical tools, to predict 
and explore differences between closely related strains in large microbial datasets.

Paenibacillus is a ubiquitous genus consisting of 280 bacterial species able to colonise different environmental 
niches, having great relevance in the industrial and agricultural  fields1,2.

Paenibacillus polymyxa is the type species of the genus Paenibacillus3,4. Members of such species are undoubt-
edly the most studied and characterised because of their beneficial properties and ability to produce an extensive 
repertoire of industrially relevant secondary  metabolites5,6. Indeed, many Paenibacillus polymyxa have been 
reviewed for their plant growth promotion activity through phosphorus  solubilization2, nitrogen  fixation7,8, 
siderophores, phytohormones production, and organic matter  degradation9.

Among the secondary metabolites of P. polymixa with biotechnological and medical applicability, there are 
antimicrobial compounds (e.g., polymyxins and fusaricidins)10, exo-polysaccharides (EPS)11, hydrolytic enzymes 
(e.g., amylases, pectinases, cellulases, hemicellulases)5,10 and 2,3- Butanediol (2,3-BDO). This last valuable com-
pound has a vast range of applications in the chemical, pharmaceutical, and food industries as a precursor or 
additive of many manufacturing  processes12–14.

One of the most efficient producers of 2,3-BDO optically active isomers is Paenibacillus polymyxa DSM 
 36515,16, a generally recognised safe (GRAS) microorganism. This strain was isolated from garden  soil17, and the 
genome was sequenced  completely16. Genome annotation disclosed several traits related to biostimulant activ-
ity (e.g., nitrogen fixation, siderophores and EPS biosynthesis)16. Moreover, the strain was also described as a 
biocontrol agent able to induce the Immune Systemic Resistance (ISR) of tobacco plants against the pathogen 
Phytophthora parasitica18.
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Besides P. polymyxa DSM 365, another P. polymyxa strain having relevant biotechnological potential is DSM 
292, a platform for heterologous protein  production19. Indeed, the low proteolytic activity would make it an ideal 
host for the high-yield and stable production of  enzymes19,20.

Since DSM 365 and DSM 292 are microbial cultures available in public collections and present relevant bio-
technological and industrial applications, a thorough investigation of their biodiversity is particularly interesting.

Matrix-assisted laser/desorption ionisation time-of-flight mass spectrometry (MALDI-TOF MS) is a technol-
ogy that has widely been introduced in many laboratories as a high-throughput, cost-effective, fast, and reliable 
tool to identify, classify and typing unknown microorganisms. It allows obtaining a mass fingerprint profile 
for each unknown strain that is matched against the reference spectra in the instrument database to assign an 
identity.

In this study, we tested MALDI-TOF MS analysis integrated with statistical tools to explore the biodiversity 
among DSM 365, DSM 292, and the type strain of the species ATCC  842T. In addition, 16S rRNA sequence 
analysis and Average Nucleotide Identity (ANI) were performed to assess and verify MALDI-TOF MS results. 
Phenotypical test and fatty acids cellular composition analysis were also performed to assess putative differences 
among the three strains here taken into consideration. This work represents, in our opinion, an interesting case 
study that highlights the potential of the proposed complementary typing approach to improve the identification 
resolution of very closed related strains in any proprietary or public culture collection, making it possible to 
enrich any in-house reference database. This approach to biodiversity screening could precede genomic analyses 
as a kind of predictive tool, able to point to interesting discrepancies that need to be investigated further with a 
targeted, in-depth approach.

Results
MALDI‑TOF MS identification results
In this study, the identification of ATCC  842T, DSM 292, and DSM 365 with the BDAL library through the MBT 
Compass (Bruker Daltonik GmbH, Bremen, Germany) software did not provide the expected results. More 
specifically, the identification of DSM 292 and DSM 365 did not reach the minimum log(score) for a high match 
with the reference spectra in the database; thus for 8 out of 15 of DSM 292 and 14 out of 15 of DSM 365 signal 
replicates the identification was confirmed only at the genus level, with a log(score) ranging from 1.710–1.840 
and 1.720–1.990, respectively. Conversely, regarding ATCC  842T, 13 out of 15 signal replicates were correctly 
identified as P. polymyxa DSM  36T (reference spectrum DSM 36T DSM_2) with a log(score) ranging from 2.010 
to 2.250 (Table S1). Furthermore, it was noticed that both the profiles of the DSM 292 and the DSM 365 were 
even more different from the reference spectrum of the type strain DSM 36 T since, for most replicates, it was 
not reported among the closest classification results, and the matching resulted in not reliable identification. 
Indeed the identification (log)score for DSM 365 and DSM 292 compared to DSM 36 T DSM_2 ranged from 
1.520–1.920 and 1.050–1.850 (Table S2).

The matching degree between each analysed strain and the reference Main Spectrum Profile (MSP) is reported 
in Fig. 1.

Mass data statistical analysis results and in‑house database implementation with DSM 292 
and DSM 365 profiles
Given the preliminary results obtained in the identification step, the mass spectra of the DSM 292 and 365 were 
compared with the mass profile of ATCC  842T to assess whether there were consistent differences and discrimi-
native biomarkers in their mass fingerprint that could explain the mismatch with the type strain. All the 15 
raw mass spectra for each strain were loaded into the ClinProTools software (v 3.0; Bruker Daltonics, Bremen, 
Germany) and processed following the standard data preparation workflow (baseline subtraction, normalisa-
tion, recalibration, average peak list calculation and peak calculation)1. A pseudo-gel-like view of the processed 
spectra loaded per class is reported in Fig. 2a. Moreover, the average spectra view of all three classes is reported 
in Figure S3. As a first step, Principal Component Analysis (PCA) was performed to get more information about 
the data set variability and clustering of the three Paenibacillus strains. The two-dimensional representation of 
the scores (PC1 vs. PC2, Fig. 2b and Figure S2) showed that the three P. polymyxa strains grouped differently. The 
loadings plot (PC1 vs. PC2, Fig. 2c and Figure S2) offers a visualisation of the peaks that influence this clustering 
the most, indicating that the three strains showed spectral differences in their mass fingerprint. Moreover, the 
study suggested that the peaks influencing this clustering could be potential discriminating markers.

Subsequently, after the visual comparison of P.polymyxa mass spectra, the selection of peaks showing a 
significant difference in the average intensity among ATCC  842T, DSM 292 and DSM 365 was made according 
to the p-values (≤ 0.05) obtained through Wilcoxon/Kruskal Wallis (W/KW) analysis since the p-value for AD 
(Anderson–Darling) test was less than equal to 0.05 (Table 1). The selected masses were confirmed to be very 
informative in discriminating the three P. polymyxa strains since the p-value was < 0.000001 for all. Moreover, 
such biomarkers strongly affected the clustering in the PCA (Fig. 2c). Peaks describing the fingerprint of each 
strain the most were identified by measuring their change in intensity average  (log2 fold change) as reported in 
Table 1. Results showed that high expression levels of peaks m/z 2400, 2685, 6525, and the region from m/z 5505 
to 5954 strongly described the fingerprint of ATCC  842T. Similarly, low-intensity levels of m/z 6413 and 7336 
were good descriptors of such a profile. Low intensities of m/z 2959 and 2987 and high intensities of m/z 3089 
and 7076 described the DSM 292 profile well. Furthermore, high expression levels of m/z 4179, 4748, 9492 and 
13,305 were indicative of the profile of DSM 365. Some discriminant characteristics of the selection (m/z 2874, 
2944, 3314, 5374, 6181, 6631, 6656) proved to be good descriptors of all three classes simultaneously, as their 
intensity values were quite distinct. The average intensities of the above mentioned peaks are reported in Fig. 3.



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2585  | https://doi.org/10.1038/s41598-023-50010-w

www.nature.com/scientificreports/

Classification models (CMs) were generated by ClinProTools software using Quick Classifier (QC)21, Super-
vised Neural Network (SNN)21 and Genetic Algorithm (GA)21,22 to obtain systematic and objective strain dis-
crimination according to a defined list of discriminative biomarkers selected by the algorithm. The performance 
of all classification models was calculated to choose the best able to discriminate the three P. polymyxa strains 
simultaneously. According to the results reported in Table 2, GA_KNN algorithms with 1, 3 and 5 nearest neigh-
bor settings showed very high discriminating power (100% accuracy) for ATCC  842T and DSM 365 classes but 
not for DSM 292. The only multiclass models able to correctly assign and classify an independent data set into 
one out of three classes were SNN and QC, with a cross-validation value of 100%. Informative features selected 
by such multiclass classification models are reported in Table 3. Such peaks showed different expression patterns 
and high discriminatory power, as shown in 2D scatter plots reporting strain distributions according to peak 
intensity (Fig. 4).

Given the successful performance of multiclass models in classifying and recognising the three strains of P. 
polymyxa, the independent signal sets tested in cross-validation were used to generate new MSPs for DSM 292 
and DSM 365 inside the in-house reference library.

After implementing the library with the newly generated MSPs for DSM 292 and DSM 365, the identifica-
tion results of the fifteen spectra showed improvement. These results exhibited a higher agreement in terms of 
log(score) with the internally generated MSPs compared to the reference profiles in the MBT Compass library 
(Table S3).

16S rRNA sequence retrieving from genomes and comparison
The identification of the strain ATCC  842T (= DSM  36T), DSM 292, and DSM 365 by comparison of the assem-
bled Sanger sequence in EzBioCloud confirmed, as expected, the identification of the strain ATCC  842T as P. 
polymyxa. Contrarily the best hit resulting after the analysis of the 16S rRNA sequence of the strains DSM 292 
(1372 bp) and DSM 365 (1385 bp) was Paenibacillus peoriae, with respectively 99.78% and 99.85%) in the case 
of the sequence from the strain DSM 365 the second-best hit was Paenibacillus ottowi (99.56%), both the species 
belonging to the P. polymyxa group. The species P. polymixa is, therefore, respectively, the second and third-best 
hit with a % similarity of 99.42 and 99.27. Remarkably, when the Sanger sequence obtained from the strain DSM 
292 is compared with the most similar 16S rRNA locus sequence retrieved from the genome (OXKC02000021.1), 

Figure 1.  Graphical representation of P. polymyxa identification by MALDI Biotyper Software. The colour 
of the peaks reflects the degree of matching of (a) ATCC  842T, (b,c) DSM 292, and (d,e) DSM 365 with the 
reference MSPs (green = full match, yellow = partial match and red = mismatched) reported in the lower part of 
the graphs (blue spectra).
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the similarity percentage is 99.93%. Analogously, the comparison of the sequence of the most similar 16S rRNA 
locus sequence retrieved from the genome of the strain DSM 365 (JAKVDC010000038.1, contig 38) showed 
99.92% similarity.

Figure 2.  Mass spectra from 2000 to 15,000 Da of ATCC  842T, DSM 292 and DSM 365 were processed and 
analysed by ClinProTools software. (a) Pseudo-gel like view of ATCC  842T (red), DSM 292 (green) and DSM 
365 (blue) mass spectra (15 replicates per class) displayed on a rainbow scale. Pseudo-gel like view of ATCC 
 842T (red), DSM 292 (green) and DSM 365 (blue) mass spectra (15 replicates per class) displayed on a rainbow 
scale. The colour bar on the right side of the gel view indicates the peak intensity; 2-D PCA (b) and Loadings of 
2D-PCA (c) plots of ATCC  842T (red), DSM 292 (green) and DSM 365 (blue).
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Genome comparison results
The relatedness of the strains by means of a whole-genome approach was defined by calculating the ANI with 
the OrthoANI algorithm and setting 95–96% as the threshold to propose new  species23. The ANI values of the 
strain DSM 365 and DSM 292 clearly separate these two strains from ATCC  842T, the type strain of P. polymyxa 
species, as they resulted in 90.12 and 89.99, respectively. Based on this result, the strains DSM 365 and DSM 
292 are distinguishable from the type strains, and they can be suggested as references of a cluster of P. polymyxa 
strains different from the P. polymyxa sensu stricto. Remarkably, the ANI value resulting from the comparison of 
the strains DSM 365 and DSM 292 was close to the threshold, i.e., 95.40; therefore, it was not possible to clearly 
support the presence of a third emerging cluster nucleus within the P. polymyxa species.

The presence of remarkable genes and/or biosynthetic pathways were searched by BLASTn in the three previ-
ously reported genomes in order to enlighten differences in the presence of Butanediol Dehydrogenase (GenBank 
Acc. No.: JMIQ01000019: 17,969..19021)14 and Polymyxin Synthetase (EU371992.1:22,102-41,040)38.

Considering peculiar genes and biosynthetic pathways, it was possible to evidence that the strain DSM 365 is 
the only strain among the three compared here to harbour the Butanediol Dehydrogenase gene. A genetic locus 
with different nucleotide similarity was found in both the other two strains: the most related gene in the strain 
DSM 292 was annotated as Sorbitol Dehydrogenase (GenBank Acc. No. OXKC02000003.1:428,721–429,773, 
locus_tag “PPOLYM_01857”,), with only 96.39% nucleotide similarity. In the genome of the strain ATCC  842T, 
which is not annotated, it was not possible to find any predicted function, but a 100% coverage region with only 
94.11% nucleotide similarity was found, suggesting that region (CAIGJZ010000013.1:3117-4169) does not code 
for Butanediol Dehydrogenase gene.

Concerning Polymyxin Synthetase, it was not possible to find the complete query in only one contig of the 
three genome strains, suggesting it was not completely assembled. More in-silico or in-vivo analyses are required 
to evaluate this genetic function.

Phenotypical test (API) and fatty acids cellular composition results
Comparison results about substrate utilisation revealed that the strains differed for some traits (Table 4). In 
particular, both P. polymyxa DSM 292 and DSM 365 showed different behaviour in acetylmethylcarbinol 
 production24 according to the Voges-Proskauer (VP) assay compared to the type strain P. polymyxa ATCC  842T. 
Additionally, P. polymyxa DSM 292 was positive in malate assimilation, rhamnose, and α-methyl-d-mannoside 
utilisation and weak in tween 80 degradation compared to ATCC  842T and DSM 365. Further differences can 
also be observed in growth temperature and tolerance to 5% of NaCl. More specifically, DSM 365 grew at higher 
temperatures (35 °C), and DSM 292 resulted in being not tolerant of 5% of NaCl.

Regarding the production of enzymes, colourimetric reactions of different intensities were recorded in the 
API ZYM kit. Differences in colour reactions might reveal potential differences in the enzyme production 

Table 1.  List of characteristic mass peaks selected according to the p-value (≤ 0.05) obtained through W/KW 
analysis. Changes in peak average intensity between classes are reported as a heatmap of  log2 fold change.

Average of peak intensity ± stdev Log2 fold change 
Mass PW/KW PAD

ATCC 842T DSM 292 DSM 365
ATCC 842T 

vs 
DSM 292

ATCC 842T 
vs 

DSM 365

DSM 292
vs

DSM 365

DSM 365 
vs 

DSM 292
2,400 < 0.000001 < 0.000001 6.72 ± 3.08 0.70 ± 0.14 0.88 ± 0.26 3.3 2.9 -0.3 0.3

2,685 < 0.000001 < 0.000001 4.71 ± 1.30 0.92 ± 0.19 0.68 ± 0.15 2.4 2.8 0.4 -0.4

2,874 < 0.000001 0.000629 4.22 ± 1.16 0.82 ± 0.18 1.93 ± 0.42 2.4 1.1 -1.2 1.2

2,944 < 0.000001 0.000211 27.6 ± 6.31 0.93 ± 0.16 10.3 ± 2.60 4.9 1.4 -3.5 3.5

2,959 < 0.000001 0.002880 6.25 ± 1.80 1.18 ± 0.23 3.51 ± 0.39 2.4 0.8 -1.6 1.6

2,987 < 0.000001 0.000003 59.6 ± 12.12 1.99 ± 0.50 58.5 ± 15.52 4.9 0 -4.9 4.9

3,089 < 0.000001 < 0.000001 1.61 ± 0.26 5.44 ± 2.42 1.34 ± 0.24 -1.8 0.3 2 -2

3,314 < 0.000001 0.000003 0.86 ± 0.17 18.9 ± 5.99 5.82 ± 3.43 -4.5 -2.8 1.7 -1.7

4,179 < 0.000001 0.000017 1.70 ± 0.29 0.93 ± 0.22 3.75 ± 1.15 0.9 -1.1 -2 2

4,748 < 0.000001 < 0.000001 1.56 ± 0.29 0.89 ± 0.15 3.65 ± 1.51 0.8 -1.2 -2 2

5,374 < 0.000001 < 0.000001 14.6 ± 4.95 3.41 ± 0.91 0.86 ± 0.19 2.1 4.1 2 -2

5,505 < 0.000001 < 0.000001 9.39 ± 1.18 0.81 ± 0.12 0.76 ± 0.11 3.5 3.6 0.1 -0.1

5,570 < 0.000001 < 0.000001 4.47 ± 0.91 0.87 ± 0.09 1.21 ± 0.14 2.4 1.9 -0.5 0.5

5,597 < 0.000001 < 0.000001 2.74 ± 0.37 1.00 ± 0.18 1.04 ±0.12 1.5 1.4 -0.1 0.1

5,618 < 0.000001 0.00000106 2.33 ± 0.35 0.86 ± 0.17 1.07 ± 0.18 1.4 1.1 -0.3 0.3

5,954 < 0.000001 0.0000052 1.86 ± 0.26 5.41 ± 0.95 2.45 ± 0.66 -1.5 -0.4 1.1 -1.1

6,181 < 0.000001 < 0.000001 1.15 ± 0.20 24.3 ± 7.51 3.73 ± 0.92 -4.4 -1.7 2.7 -2.7

6,413 < 0.000001 0.0000508 1.14 ± 0.26 7.59 ± 1.14 9.34 ± 2.21 -2.7 -3 -0.3 0.3

6,525 < 0.000001 < 0.000001 5.79 ± 0.98 1.49 ± 0.29 1.78 ± 0.22 2 1.7 -0.3 0.3

6,631 < 0.000001 0.0000173 1.30 ± 0.74 38.6 ± 95 12.4 ± 6.52 -4.9 -3.3 1.6 -1.6

6,656 < 0.000001 0.000211 0.73 ± 0.15 8.78 ± 2.61 3.74 ± 1.64 -3.6 -2.4 1.2 -1.2

7,076 < 0.000001 < 0.000001 1.70 ± 0.27 5.05 ± 0.88 1.47 ± 0.31 -1.6 0.2 1.8 -1.8

7,336 < 0.000001 < 0.000001 3.41 ± 0.81 31.0 ± 3.75 26.0 ± 4.32 -3.2 -2.9 0.3 -0.3

9,492 < 0.000001 < 0.000001 1.23 ± 0.37 1.06 ± 0.14 4.03 ± 1.23 0.2 -1.7 -1.9 1.9

13,305 < 0.000001 < 0.000001 0.23 ± 0.05 0.34 ± 0.08 1.1 ± 0.38 -0.6 -2.3 -1.7 1.7
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Table 2.  Performance of classification models of ATCC  842T, DSM 292 and DSM 365. Accuracy, 
sensitivity and specificity are reported as a percentage. Each of the parameters was calculated as follows: 
Accuracy = TP + TN / TP + TN + FP + FN; Sensitivity = TP/ TP + FN; Specificity = TN/ TN + FP. TP, true positive; 
FN, false negatives; TN, true negatives; FP, false positives (FP).

Strain Model Selected peaks Accuracy (%) Sensitivity (%) Specificity (%)

ATCC  842T

GA_KNN1 30 100 100 100

GA_KNN3 8 100 100 100

GA_KNN5 5 100 100 100

GA_KNN7 4 45.90 38.10 50

SNN 3 100 100 100

QC 4 100 100 100

DSM 292

GA_KNN1 30 90.16 70 100

GA_KNN3 8 98.36 95 100

GA_KNN5 5 95.08 85 100

GA_KNN7 4 58.34 0 100

SNN 3 100 100 100

QC 4 100 100 100

DSM 365

GA_KNN1 30 100 100 100

GA_KNN3 8 100 100 100

GA_KNN5 5 100 100 100

GA_KNN7 4 100 100 100

SNN 3 100 100 100

QC 4 100 100 100

Table 3.  List of discriminative peaks according to QC and SNN classification models.

CMs Mass PW/KW PAD

Average of peak intensity ± stdev

ATCC  842T DSM 292 DSM 365

QC

2944  < 0.000001 0.000211 27.55 ± 6.31 0.93 ± 0.16 10.34 ± 2.6

2959  < 0.000001 0.002700 8.08 ± 2.35 1.52 ± 0.29 4.50 ± 0.50

2874  < 0.000001 0.000528 5.45 ± 1.52 1.05 ± 0.22 2.47 ± 0.53

3314  < 0.000001 0.0000035 0.86 ± 0.17 18.87 ± 5.99 5.82 ± 3.43

SNN

5505  < 0.000001  < 0.000001 9.39 ± 1.18 0.81 ± 0.12 0.76 ± 0.11

7076  < 0.000001  < 0.000001 2.19 ± 0.35 6.48 ± 1.13 1.89 ± 0.41

9492  < 0.000001  < 0.000001 1.23 ± 0.37 1.06 ± 0.14 4.03 ± 1.23

Figure 4.  2D scatter plots of characteristic peaks for ATCC  842T (red), DSM 292 (green) and DSM 365 (blue) 
selected by QC and SNN classification models. (a) Scatter plots of peaks 2944 and 3314 Da (selected by the 
QC model) and (b) 5504 and 9492 Da (selected by the SNN model). The intensities of peaks were expressed 
in arbitrary intensity units and served as y-axes. The ellipses represent the 95% confidence intervals of peak 
intensity for each strain.
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profiles of the three strains. Among the positive recordings, DSM 365 showed the highest intensity reaction for 
β-Galactosidase (Table 4 and Table S8). The entire list of substrate utilisation and details about morphological 
description (including cell pictures) can be found in Supplementary Figure S1, Table S4, Table S5, Table S6, and 
Table S7 online.

The comparison of fatty acids profiles (Table 4) revealed that all three strains have 15:0 anteiso, 16:00, 15:00 
iso, 17:0 anteiso, 16:0 iso and 17:0 iso as major cellular fatty acids. Moreover, the fatty acid 16:1 w11c was the 
one that differed the most among the three strains.

Discussion
MALDI-TOF MS has been widely introduced and applied in the last few years as an identification technique 
and an alternative rapid approach for typing and discriminating microbial strains at the subspecies  level25–27. 
Such a technology allows obtaining a mass fingerprint profile for the analysed strain, enriched in highly abun-
dant ribosomal proteins, which is compared with reference protein spectra contained in a database to assign an 
identification result.

Although ribosomal proteins are strongly conserved in the bacterial species, they may present modest varia-
tion at the microbial strain  level28. Several authors proposed using the MALDI-TOF MS typing method coupled 
with statistical tools to classify and improve the identification and differentiation of phylogenetically closely 
related  species27,29–31. Indeed, adopting such an approach allows for identifying a certain number of discrimina-
tive and reproducible biomarkers with a specificity at the subspecies  level32.

In this study, we exploited the potential of unsupervised classification methods coupled with proteomic fin-
gerprinting analysis to explore the diversity of three strains belonging to P. polymyxa. P. polymyxa is one of the 
most extensively described and discussed species due to its wide applicability in the biotechnological and agri-
cultural  fields2. This is evidenced by an increasing number of patents and genome sequencing projects in recent 
years. A search for patents using the genus Paenibacillus or the species polymyxa as query words returns 6428 
and 2477 results, respectively (https:// world wide. espac enet. com). To date, the number of P. polymyxa genome 
sequencing projects available on NCBI and the Genome Taxonomy Database (GTDB) are 93 and 95 (https:// 

Table 4.  Comparison of main differing features in the phenotypical characterisation and fatty acids cellular 
composition of ATCC  842T, DSM 292 and DSM 365.

Kit name Feature ATCC  842 T DSM 292 DSM 365

5% NaCl W – W

35 °C W W  + 

TWEEN 80 W –  + 

API 20 E Voges-Proskauer (VP) W  +  + 

API 50 CHB Rhamnose –  + –

API 50 CHB α-methyl-d-mannoside –  + –

API 20 NE Malate assimilation –  + –

API ZYM Alcaline Phosphatase 0.5 0.5 1

API ZYM Leucine-Arylamidase 0 1 0

API ZYM Chymotrypsin 0.5 0 0

API ZYM Acid Phosphatase 0.5 0 0

API ZYM Naphthol-AS-BI-Phosphohydrolase 0.5 1 0.5

API ZYM α-Galactosidase 1 1 2

API ZYM β-Galactosidase 3 4 5

API ZYM β-Glucosidase 0 0.5 0.5

Fatty acid ATCC  842T DSM 365 DSM 292

15:0 anteiso 46.7 61.3 61.6

16:00 11.5 6.3 6.9

15:0 iso 8.6 6.9 7.1

17:0 anteiso 8.3 7.2 9

16:0 iso 8.1 7 5.3

17:0 iso 5.5 2.9 3.8

16:1 w11c 4.1 2.4 0.9

14:00 2.1 1.4 1.4

14:0 iso 1.7 1.3 1

15:00 0.8 1.8 1.9

17:1 iso w11c 0.6 0.4 0.2

16:1 ISO w10c 0.5 0.5 ND

17:00 0.4 0.2 0.3

17:1 w6c 0.3 ND 0.7

https://worldwide.espacenet.com
https://gtdb.ecogenomic.org/
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gtdb. ecoge nomic. org/), respectively. The increasing number of genome sequencing projects may reflect the need 
to retrieve functional information from the genetic code and even solve the intrinsic taxonomic complexity of 
the Paenibacillus genus and polymyxa  species2,33.

In addition, several works based on MALDI-TOF MS analysis have interested the genus Paenibacillus in recent 
years. Most of them focused on the identification, detection and typing of strains associated with pathogenic-
ity potential and food  spoilage34,35, production of antimicrobial  compounds36 and interaction with the  plant37.

The number and quality of reference spectra within the instrument database can greatly influence the suc-
cess rate of identification using the proteomic  approach38. The current Bruker Daltonics database contains 251 
MSPs of Paenibacillus and ten profiles of P. polymyxa. These include the reference spectra of P. polymyxa ATCC 
 842T, DSM 365 and DSM 292.

In this study, the preliminary identification of the purchased P. polymyxa cultures with the manufacturer’s 
database was inconclusive for P. polymyxa DSM 365 and DSM 292. In fact, the matching with their reference 
spectra did not reach the minimum log score required for a reliable identification at the species level. It is possible 
that the mass spectra of the two bacterial strains included in the database are still not sufficiently reproducible 
and should be updated with two new versions. Similarly, the strain ATCC  842T matched best to a more recent 
version of the DSM 36 T reference spectrum (DSM 36T DSM_2) (Fig. 1). We also noticed marked differences 
when comparing the profiles of the DSM 365 and the DSM 292 with the reference spectrum of the DSM 36 T 
type strain in the database. These findings led us to further investigate the observed divergence by comparing 
their mass fingerprints. Subsequent statistical analyses confirmed the observed differences and revealed different 
discriminating biomarkers among the three Paenibacillus polymyxa. The mass distribution of the P. polymyxa 
strains by PCA clearly showed three distinct clusters, most influenced by different markers whose expression 
pattern was characteristic of each of the strains. According to the gel view observation (Fig. 2) and the list 
of discriminatory peaks selected in the W/KW analysis, ATCC  842T showed several biomarkers with higher 
intensity than DSM 365 and DSM 292 (Table 1). In addition, we noticed that peak m/z 2987 (Table 1, Fig. 3) was 
consistently expressed in both profiles of ATCC  842T and DSM 365 but was remarkably low in DSM 292. This 
finding suggested that even very low-intensity signals can act as critical discriminators in mass comparisons.

Some of these peaks (m/z 2400, m/z 2685, m/z 2987; Fig. 3) fall in a variable region of the mass spectrum 
below m/z 3000 that is correlated with nonribosomal peptides, metabolites and lipopeptides production, known 
antimicrobial compounds produced by several microbial species, including P. polymyxa39–41. Several authors have 
investigated such a region in the mass spectra of P. polymyxa by MALDI-TOF MS to detect and characterise 
lipopeptides, antibiotics or volatile  compounds42–44. Interestingly, peaks m/z 2,400 and 2,685 were strongly present 
in the spectrum of ATCC  842T but almost absent in DSM 292 and DSM 365. These results may reveal a different 
pattern of secondary metabolite production among the three strains. Based on this assumption, we believe that 
analysis and comparison focused on the low-mass region (m/z 500–3000) could potentially reveal additional 
differences, better supporting the description of biodiversity and even strain  differentiation39,45.

Moreover, considering the nature of our investigation into closely related species classification, it is worth 
noting that the analysis of the lower m/z range (up to m/z 2000) not only pertains to small peptides, as ini-
tially discussed, but also encompasses lipids. While our study primarily employed proteomics and genomics 
approaches, it is crucial to acknowledge that there exists a third option, namely MALDI lipidomics, which can 
offer valuable insights into the composition and variations of lipids within the studied  strains46,47. This additional 
dimension of analysis could provide further support for the reliable classification of closely related species and 
enhance the comprehensiveness of our findings.

On the other hand, the presence of discriminant peaks in the region above m/z 3000 supported the consist-
ency of the discriminant biomarkers that emerged from the statistical analysis of P. polymyxa mass spectra. 
Indeed, the core region of the fingerprint profile is less variable and is associated with highly abundant riboso-
mal subunit proteins, small-acid soluble proteins and conserved protein  domains48,49. We found several peaks 
in this region that showed significant differences in the average intensity between the fingerprint profiles of the 
three P. polymyxa strains (Table 1, Fig. 3). For example, the region from m/z 5505 to m/z 5618 proved to be very 
informative as it was characterised by high-intensity ATCC  842T spectrum signals.

From the list of informative peaks, we identified m/z 2944, m/z 2874 and m/z 3314 as potentially good descrip-
tors of all classes simultaneously (Table 1, Fig. 3). Our assumption was then confirmed by the peak selection of 
the QC model (Table 3). On the other hand, we found that the SNN classification model behaved differently by 
selecting a list of three markers, each of which was highly informative for one of the three classes (Table 3). The 
reproducibility of the observed discriminative biomarkers and, consequently, the reliability of such classifica-
tion models was definitively confirmed by the simultaneous discrimination of all three strains observed with 
the external dataset. According to these results, we believe that both models should be applied to classify and 
predict the future identification of new P. polymyxa strains.

MALDI-TOF MS identification is often considered culture-independent and relies heavily on signals derived 
from ribosomal proteins, which constitute a substantial portion of the spectra. However, it’s important to note 
that less abundant proteins or signals can also play a crucial role in achieving strain-level  differentiation28,50. 
These less abundant signals may not necessarily be of ribosomal origin, and the culture conditions, such as the 
culture medium, can indeed influence their abundance. In our study, the mass spectra analyzed were obtained 
by cultivating the three strains in the same growth medium and environment. While this approach was essential 
for the direct comparison of the strains, we acknowledge that it may introduce certain limitations. The uniform 
culture conditions might not fully represent the potential variations that could occur in different conditions. To 
address this aspect, it will be necessary in future research to repeat the discriminative analysis in the presence of 
different growth media or environmental conditions. This approach will help clarify the origin of the discrimi-
native peaks and confirm which ones are indeed attributable to minor alterations in ribosomal protein genes.

https://gtdb.ecogenomic.org/
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The relationship between the three strains was further investigated using the ANI calculation in order to assess 
and verify the MALDI-TOF MS results obtained. Currently, comparative analysis of fully sequenced microbial 
genomes is the most successful tool for exploring and assessing molecular differences between microbial  strains51. 
Several papers have reported the use of such an approach to distinguish closely related microorganisms through 
rigorous workflow procedures, including genome sequencing, contigs assembly, annotation, and typing of the 
compared  sequences52,53. Complementing the MALDI-TOF MS data with the genome sequence comparison of 
the three strains, we realised that the observed differences in their mass fingerprint profiles were also reflected 
in the genetic differences between the three strains. Indeed, from a genetic point of view, both P. polymyxa DSM 
365 and DSM 292 are clearly distinguishable from ATCC  842T, e.g., considering ANI. Otherwise, there were less 
remarkable differences in the taxonomic relatedness of DSM 292 and DSM 365, as the ANI value was close to 
the threshold. Similarly, based on the fold change values, we found that both strains shared closer mean intensity 
values for most of the more significant markers than the ATCC  842T. Indeed, when comparing DSM 292 and 
DSM 365 with ATCC  842T, only four and five peaks respectively had a fold change as  log2 between 0 and 1 (as 
absolute values). On the contrary, the comparison between DSM 292 and DSM 365 resulted in nine discriminant 
peaks having a fold change as  log2 between 0 and 1 (as absolute values).

We also noted a more remarkable discriminatory power and sensitivity of the MALDI-TOF MS-based system 
compared to other phenotypic typing approaches used in this work. Analysis of substrate utilisation and com-
parison of fatty acid profiles did not reveal desirable features for a comprehensive description of intraspecific 
diversity. Indeed, all strains shared similar morphological and biochemical traits with few exceptions (Table 4, 
Table S4, Table S5, Table S6, Table S7, Table S8). Regarding substrate utilisation, we found that ATCC  842T and 
DSM 292, unlike DSM 365, were unable to utilise rhamnose, α-methyl-d-mannoside and malate. In addition, 
according to the semiquantitative enzymatic analysis, naphthol-AS-BI-Phosphohydrolase and β-Galactosidase 
activities appeared to be different in all three strains. Although such positive results, these results should be 
considered as preliminary and should be confirmed by specific quantitative enzymatic assays.

All these results provide new insights into the genomic diversity of these P. polymyxa strains. They could set 
the stage for a more comprehensive genomic study involving a larger number of strains. The classification of P. 
polymyxa, according to the framework of the Genome Taxonomy Database, could help to select the representa-
tive strains according to genome phylogeny and intra-specific clustering.

Furthermore, we expect that future investigations on new bacterial isolates by MALDI-TOF MS analysis and 
classification algorithms can help to enrich P. polymyxa clusters, thus improving the richness and identification 
resolution of the in-house database.

In conclusion, the MALDI-TOF MS analysis performed in this study revealed disagreement in the identifi-
cation assignment of DSM 365 and DSM 292 to the P. polymyxa species, along with notable differences in their 
mass spectra compared to ATCC  842T. These disagreements were corroborated by genetic analyses, reinforcing 
the consistency of the proteomic findings. Although this evidence was obtained for a limited set of strains, we 
believe that MALDI-TOF MS analysis, coupled with statistical tools, has considerable potential to study and 
compare large microbial datasets. Genome sequencing and comparison can be challenging, requiring highly 
skilled personnel and costly when dealing with large microbial data  collections54. The application of such an 
approach could precede genomic analyses as a kind of predictive tool, helping to gain a greater awareness of the 
biodiversity contained in any microbial collection and highlighting interesting discrepancies between closely 
related strains that need to be investigated further with a targeted, in-depth approach. The predictive potential 
of this tool would allow time-consuming and costly efforts to be avoided if there are no factual assumptions that 
justify further comparative investigations.

Methods
Strain culture condition
For the present study, three bacterial strains belonging to Paenibacillus polymyxa species were studied: ATCC 
 842T, DSM 292 and DSM 365. Paenibacillus polymyxa ATCC  842T (= DSM  36T; = KCTC  3858T ), the type strain 
of P. polymyxa and family Paenibacillaceae, was purchased from the American Type Culture Collection. P. poly-
myxa DSM 292 (= CCM 1609; LMG 6320) and P. polymyxa DSM 365 were acquired from Deutsche Sammlung 
von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig, Germany. All bacterial cultures were recovered 
from lyophilised vials onto Tryptic Soy Agar (TSA; Sigma Aldrich, United Kingdom) and grew at least for 24 h 
at 30 °C. Next, single colonies were streaked on fresh TSA plates, incubated at 30 °C for 16 h, and identified by 
16S rRNA and MALDI-TOF MS before further investigation studies.

MALDI‑TOF MS analysis: sample preparation and identification
Prior MALDI-TOF MS measurements, bacterial samples were processed according to the manufacturer’s instruc-
tion, following the extraction method. Briefly, for each bacterial culture ~ 0.1 mg of cell material was directly 
transferred from a single colony to 1.5 ml tubes containing 300 μL sterile water. Following that, the bacterial 
samples were dissolved and then inactivated by the addition of 900 μL of absolute ethanol solution, with thor-
ough mixing.

The bacterial samples were then centrifuged at 15,000 rpm for two minutes, and the obtained pellets were 
dried at room temperature for one hour and treated with an equal volume (approximately 25 μL) of 70% formic 
acid (FA) and acetonitrile (ACN) to extract proteins for acquisition of mass spectra.

For the analysis, one μL of supernatant was spotted on the MSP 96 polished steel target plate (3 biological and 
five technical replicates, totalising 15 spots per strain), air-dried and overlaid with 1 μL of 4HCCA matrix solution 
(10 mg/ml of alpha-cyano-4-hydroxycinnamic acid dissolved in a solution of 50% ACN and 2.5% trifluoroacetic 
acid [TFA], Sigma-Aldrich, Milan, Italy) to permit sample  ionization55.
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The mass spectrum profile of each strain was acquired by Bruker Microflex™ LT MALDI-TOF mass spectrom-
eter (Bruker Daltonics, Bremen, Germany) equipped with a 60 Hz nitrogen laser, using FlexControl™ software 
(v 3.4; Bruker Daltonik GmbH, Bremen, Germany) in a positive linear mode within a mass range from 1960 to 
22,000 dalton. According to the manufacturer’s instructions, system calibration was performed using the Bruker 
Bacterial Test Standard (BTS, Bruker Daltonics, Germany) solution able to cover a mass range of spectra acquisi-
tion between 3,6 and 17 kDa. Data processing was performed automatically by MBT Compass 4.1.100.10 software 
(Bruker Daltonik GmbH, Bremen, Germany), and the mass spectra were matched against the instrument library 
provided by Bruker Daltonic (MBT compass library v 11.0.0.0). The library included a list of 10,833 bacterial 
reference spectra, containing 86 reference spectra belonging to the Paenibacillus genus and 10 grasping to P. 
polymyxa species. The MSPs of P. polymyxa ATCC  842T (= DSM 36 T 2), P. polymyxa DSM 365, and P. polymyxa 
DSM 292 were already present as reference spectra inside the MBT compass library.

The assessment of the spectra quality was carried out by FlexAnalysis (v 3.4; Bruker Daltonik GmbH, Bremen, 
Germany), a software for spectra processing (smoothing, baseline subtraction and intensity normalisation) that 
allows removing all flatline spectra or those with outlier peaks. Next to the quality check step, the spectra were 
then analysed with the MBT Compass Explorer 4.100.1 module (Bruker Daltonik GmbH, Bremen, Germany) 
to confirm the identification results obtained with automatic data processing and to observe the graphical repre-
sentation of the match between the analysed strain and the reference MSPs. The software assigned identification 
results according to the (log)score value resulting from the matching degree of the unknown spectrum with the 
MSPs of the Bruker taxonomy. According to manufacturer interpretation, (log)score values between 2.00 and 
3.00 and 1.70–1.99 indicated a high- and low- confidence identification,  respectively56. Lower (log)score values 
meant that no microorganism identification was  possible56.

Statistical analysis of mass spectra
The fifteen spectra of ATCC  842T, DSM 292, and DSM 365 were loaded into the Clinprotools software (v 3.0; 
Bruker Daltonics, Bremen, Germany) to visualise strain-level variations and select discriminant biomarkers 
among the analysed  classes31,57. The raw spectra of ATCC  842 T, DSM 292, and DSM 365 were fed into the soft-
ware as three distinct subsets of mass data. Before loading the mass data, spectra preparation parameters were 
set as follows: resolution = 800; baseline subtraction by top hat baseline method; mass range (m/z) for analysis 
from 2,000 to 15,000; noise threshold = 2, recalibration = 1,000 ppm for maximal peak shift and 30% match to 
calibrant peaks. Moreover, peak calculation settings were adjusted as follows: peak picking on the total average 
spectrum with a signal-to-noise threshold equal to 5.

Next, the following steps were performed for mass spectra preparation of all three classes: recalibration, aver-
age peak list calculation, and peak calculation. The first command allows reducing the mass shifts that occur dur-
ing the spectra acquisition and excluding from the analysis all those spectra that do not satisfy the corresponding 
settings adjusted in spectra preparation parameters. After the recalibration step, a total average spectrum from 
the remaining individual spectra is calculated for each class. Thus, the software compared the generated average 
spectra for ATCC  842T, DSM 292, and DSM 365, and an average peak list table was created. The resulting peaks 
in such a list were used to retrieve characteristic peaks in the statistical analysis as well as for classification model 
generation. The analysis of characteristic peaks among ATCC  842T, DSM 292, and DSM 365 mass spectra was 
performed through three statistical approaches: multivariate unsupervised principal component analysis (PCA), 
p-value calculation in the average peak list, and supervised algorithms generation.

All the spectra were imported into the software to observe strain clustering by means of PCA analysis. The 
results of the PCA were visualised in the scores and loadings plots according to the first two components (PC1 
and PC2), which explain most of the variance in the dataset (PC1 = 58% and PC2 = 20%).

Characteristic peaks among ATCC  842 T, DSM 292, and DSM 365 were selected and sorted through the 
following statistical tests: t-test, analysis of variance (ANOVA), the W/KW, and the AD test. The p-value cut-
off was set at 0.05. First, the p-value of the AD test was calculated. More in detail, if the p-value in the AD test 
was > 0.05, the interesting peaks were selected among those having a p-value ≤ 0.05 in ANOVA analysis. Whereas, 
if the p-value in the AD test was ≤ 0.05, the selection was made among those having a p-value ≤ 0.05 in the W/
KW58. Then, the characteristic peaks that best described the fingerprint of each strain were identified by the 
log base two  (log2 times the change) of the ratio between the average peak intensities of the two strains under 
comparison (Table 1).

Moreover, Classification models were generated by ClinProTools software using the following algorithms: 
QC, SNN, and GA_KNN to obtain systematic and objective strain discrimination. In the GA, the following 
parameters were set: maximal number of peaks in the model (= 30), number of generations (= 50), and number of 
nearest neighbors in KNN classification (= 1 for KNN1; = 3 for KNN3; = 5 KNN5). In the QC algorithm, the sort/
weight mode was set according to the p-value of W/KW. Each algorithm selects a list of peaks that are the most 
relevant in the separation of the strains. All models were validated using independent test data sets representing 
the classes. The external data sets for cross-validation were composed of 21 mass spectra replicates for ATCC 
 842T and 20 for DSM 292 and DSM 365 selected from an independent analysis after assessing spectra quality by 
FlexAnalysis software (v 3.4; Bruker Daltonik GmbH, Bremen, Germany). According to the results, the model 
prediction capabilities were obtained by calculating the accuracy, sensitivity, and specificity.

The external data sets were also used to create the reference MSPs of DSM 292 and DSM 365 inside the in-
house reference library. Subsequently, the identification results of the previously acquired fifteen spectra were 
reevaluated using the MBT Compass Explorer 4.100.1 module (Bruker Daltonik GmbH, Bremen, Germany). 
This reevaluation aimed to assess the impact of the library implementation with the new reference MSPs on the 
identification process of DSM 292 and DSM 365.
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16S rRNA sequence analysis
The DNA was purified from an overnight culture of the strains ATCC  842T, DSM 292 and DSM 365 by means of 
the Wizard Genomic DNA purification Kit (Promega). The 16S rRNA gene was amplified with the primers  E8F59 
and  E1541R59, and the PCR product was Sanger sequenced with the primers  E27F60 and  E1492R60. The electro-
pherograms were analysed and assembled by means of BioNumerics 7.6, IUPAC degenerate nucleotide codes 
were inserted at uncertain peaks. The obtained sequence (GenBank Acc. No. OR506150, OR506151, OR506152) 
was compared in the EzBioCloud database. The most related species belonging to the P. polymixa group in the 
EzBiocloud database came from Sanger sequencing of PCR products (GenBank Acc. No. AF273740; AF391124; 
AJ320494; MH842737.1), except from three sequences retrieved from genomes: P. polymyxa ATCC  842T (Gen-
Bank Acc. No: AFOX01000032:1540-65, on contig 32) and the only non type strain in the EzBioCloud P. poly-
myxa E681 (GenBank Acc. No CP000154: 2,525,414–2,526,891) and Paenibacillus kribbensis AM49 (GenBank 
Acc. No. CP020028: 618,273–619,838).

Comparative genomics
The RefSeq assembly genome sequences GCF_903797665.1 (P. polymyxa ATCC  842T), GCF_900109125.1 (P. 
polymyxa DSM 292), and GCF_000714835.1 (P. polymyxa DSM 365) were used to calculate the ANI with the 
OrthoANI algorithm through the OAT software, which measures the overall similarity between two genomes 
without gene-finding and functional annotation  steps61.

Phenotypical test and fatty acids cellular composition profiles
Morphological characterisation, temperature optimum, salt tolerance, API gallery tests, and fatty acids cellular 
composition profiles were carried out by DSMZ Services, Leibniz Institut DSMZ—Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany.

The fatty acids profile was analysed by gas chromatography of fatty methyl esters (GC-FAME), using minor 
modifications of the method of  Miller62 and Kuykendall et al.63.

Biochemical characterisation, including the analysis of different substrate utilisation and enzyme production, 
was performed through API 50 CHB, API 20E, API 20NE, and API ZYM systems (Biomérieux) according to 
the manufacturer’s instructions.

Data availability
All data generated or analysed during this study are included in this article.
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