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1. Extract generation, LC-MS data acquisition and GNPS-based secondary metabolite 

clustering 

1.1 Myxobacterial strains used for the analysis.  

The following strains were chosen as a diverse set of representatives of different myxobacterial 

families. In-house isolated non-published strains that are not fully classified yet are marked 

with *. 

Table S1. Myxobacterial strains used in this study. 

Strain ID in this study Family 

Myxococcus xanthus DK1622 Mx1 Myxococcaceae 

MCy11770* Cy1 Myxococcaceae 

Simulacricoccus ruber MCy10636 Mx2 Myxococcaceae 

Pyxidicoccus sp. MCy10649 Cy2 Myxococcaceae 

MSr10575* Sa1 Sandaracineae 

Sorangium cellulosum SoCe 26 Po1 Polyangiaceae 

Myxococcus fulvus MCy9270 Mx3 Myxococcaceae 

MSr11367* Sr1 Presumably member of novel family 

MCy9487* Mx4 Myxococcaceae 

 

1.2 Myxobacterial culture medium 

All cultivations (liquid and agar plates) were performed using CYH medium (see Table S2). 

For preparation of agar plates 15 g/L agar (BD) was added to the liquid medium before 

autoclaving. All media were prepared using deionized water and autoclaved at 121 °C, 2 bar 

for 20 min. Sterile-filtered Fe-EDTA and sterile-filtered vitamin B12 were added after 

autoclaving of the medium.  
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Table S2. Medium recipe of CYH medium. 

Ingredient Supplier Amount [g/L] pH adjusted to 

Bacto Casitone BD 1.5 7.3 (NaOH) 

Yeast extract BD 1.5 

Glucose Roth 1.0 

Soybean meal Heusel 1.0 

Soluble Starch Roth 4.0 

CaCl2 x 2 H2O VWR Chemicals 1.0 

MgSO4 x 7 H2O Grüssing 0.5 

HEPES Roth 11.9 (50 mM) 

 

1.3 Myxobacterial fermentation conditions 

Liquid cultures were grown in 300 mL shake flasks containing 100 mL of CYH medium and 

were inoculated with 2 mL of pre culture. All strains were grown at 30 °C for 14 days on an 

Orbitron shaker at 160 rpm. Plate cultures were grown on 25 mL agar plates at 30 °C for 14 

days. Agar plates were inoculated with 100 µL of concentrated pre-culture and spread using a 

Drigalski spatula. 

1.4 Metabolite extraction procedure for analytical scale extractions 

After centrifugation, the cells were extracted by adding 50 mL MeOH. They were then 

sonicated for 10 min prior to shaking for 50 min at 180 rpm. The cells were separated from the 

extract by filtration. Afterwards, the solvent was evaporated under reduced pressure and the 

extracts re-dissolved in 1 mL MeOH.  

1.5 Conditions of the analytical measurements 

1.5.1 DI-FTICR 

Main parameters used for the measurements are described in the material and methods part of 

the manuscript. Additional to that, the capillary voltage was set to -4500 V for positive 

ionization and -+4500 V for negative ionization. Dry gas was set to a flow rate of 4 L/min at 

220 °C.  
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1.5.1.1 Calibration and performance evaluation of DI-FTICR measurements 

Calibration was performed by injecting the LC/MS Calibration standard for ESI-TOF (Agilent). 

The instrument was calibrated after switching from standby to operate mode each day prior to 

measurements. Calibration files for the tune mix measurements were saved and used to evaluate 

the performance of the instrument during the period of measurements (see Table S3, Table S4, 

Figure S21 and Figure S2). For measurement of the calibration files, 16 scans were performed 

accumulating for 200 ms with a total m/z range from 150-1500. The data size was set to 1 M 

with a 0.7 s transient.  

The average mass accuracy after calibration was calculated to be 0.25 ppm for the negative 

ionization measurements and 0.38 ppm for the positive ionization measurements. 

The resolving power across all measurements for the strain Mx1 was 2,758,378 – 35,217 across 

the range of 150 – 1500 m/z. In comparison to the ginseng measurements of Park et al.1 we 

reach a higher maximum resolving power, which probably is caused by the lower m/z minimum 

chosen. The lower resolving power in the higher m/z regions is caused by the lower magnetic 

field strength of 7T sustained by our FT-ICR system. 

  



 

6 | P a g e  
 

Table S3. Results of the QC for DI-FTICR measurements in negative ionization mode. 

Day 

Mass 

(theoretical) 

Mass 

(measured) 

Δ Mass 

[Da] 

Mass 

accuracy 

[ppm] 

Resolving 

power Intensity 

1 301.9981 301.9981 0.0000 0.0000 156267 3715893504 

2 301.9981 301.9981 0.0000 0.0000 139390 3521025536 

3 301.9981 301.9981 0.0000 0.0000 157730 3221839104 

1 601.9790 601.9791 -0.0001 0.1329 78260 9681099776 

2 601.9790 601.9791 -0.0001 0.1827 74396 17996009472 

3 601.9790 601.9791 -0.0001 0.1163 78887 11770544128 

1 1033.9881 1033.9874 0.0007 0.7060 44989 2448982272 

2 1033.9881 1033.9872 0.0009 0.9091 45656 3756234240 

3 1033.9881 1033.9875 0.0006 0.5996 44772 2798772992 

1 1333.9697 1333.9698 -0.0001 0.0900 35532 2314893312 

2 1333.9697 1333.9700 -0.0004 0.2699 36169 3455701760 

3 1333.9697 1333.9697 0.0000 0.0000 35528 2485162496 

 

 

Figure S1. Mass accuracy for the four components of the tune mix in the m/z range from 200-1500 on the three 

days of measurements in negative ionization mode.  

  

301.99814 601.97898 1033.98811 1333.96967

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

M
a
s
s
 a

c
c
u
ra

c
y
 [
p
p
m

]



 

7 | P a g e  
 

Table S4. Results of the QC for DI-FTICR measurements in positive ionization mode. 

Day 

Mass 

(theoretical) 

Mass 

(measured) 

Δ Mass 

[Da] 

Mass 

accuracy 

[ppm] 

Resolving 

power Intensity 

1 322.0481 322.0482 -0.0001 0.1553 397445 930811072 

2 322.0481 322.0481 0.0000 0.0000 399417 1289422848 

3 322.0481 322.0481 0.0000 0.0000 399615 1139737344 

1 622.0290 622.0287 0.0003 0.4662 206119 9647129600 

2 622.0290 622.0290 -0.0001 0.1286 209357 7608689644 

3 622.0290 622.0291 -0.0001 0.1447 209939 8804069352 

1 922.0098 922.0091 0.0007 0.7267 141960 6287506432 

2 922.0098 922.0094 0.0004 0.4013 142304 5230539776 

3 922.0098 922.0094 0.0004 0.4772 140587 6044235776 

1 1221.9906 1221.9923 -0.0017 1.3584 107728 2381585920 

2 1221.9906 1221.9910 -0.0004 0.3028 107084 2147749632 

3 1221.9906 1221.9911 -0.0005 0.3683 108466 2680427264 

 

 

Figure S2. Mass accuracy for the four components of the tune mix in the m/z range from 200-1500 on the three 

days of measurements in positive ionization mode. 
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1.5.2 LC-TOF 

Main parameters used for the measurements are described in the material and methods part of 

the manuscript. Additionally, the sample injection volume was 1 µL. Capillary voltage was set 

to +4000 V in positive and +2500 V in negative ionization mode. Dry gas was set to a flow rate 

of 5 L/min at 200 °C. For MS/MS measurements SPL tolerance parameters for precursor ion 

selection are set to 0.2 min and 0.05 m/z. CID energy is ramped from 35 eV for 500 m/z to 45 

eV for 1000 m/z and 60 eV for 2000 m/z.  

Due to the high dynamic range of TOF spectrometers the m/z scan range was set from 150-2500 

which is also the value used in our standard screening method. As we wanted to compare our 

standard method and not a method optimized for this comparison, we kept the high m/z cut-off 

at 2500. To create accurate mass spectra in the low m/z range, our TOF instruments would have 

to be retuned, which would results in a lower mass accuracy in the higher m/z range. We 

therefore kept the standard cut-off at m/z 150 for the TOF measurements. The FT-ICR, 

however, has a more limited dynamic range, wherefore we manually evaluated the highest and 

lowest m/z value observable in our extracts for the DI-FTICR measurements in one full scan. 

No ions with an m/z higher than 1500 or lower than m/z 100 was observed, wherefore we chose 

these values as cut-off. The overlapping range of 150-1500 m/z was set as limits for the feature 

finding algorithm, which was applied uniformly to all measurements. All calculations shown in 

the manuscript were only performed for features in this scan range, which is shared between 

the two setups. Any features lower than 150 and higher than 1500 would therefore not appear 

in any comparison and would not influence the results. 
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1.5.2.1 Calibration and performance evaluation of LC-TOF measurements 

The instrument was calibrated after switching from standby to operate mode each day prior to 

measurements using sodium formate. All spectra were calibrated on the sodium formate cluster, 

which was also injected in the beginning of each chromatographic run. Additionally, lock mass 

calibration was applied. An in-house standard mixture was measured at regular intervals 

between each series of measurements. This was used to evaluate the performance of the 

instrument during the period of measurements. For the standard mixture, the same conditions 

as for the sample measurements were used, except for the length of gradient, which was 

shortened from 18 minutes to 9 minutes. All LC measurements were performed within a time 

period of 72 h. The average mass accuracy after calibration was calculated to be 2.04 ppm for 

the negative ionization measurements and 1.48 ppm for the positive ionization measurements. 
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Table S5. Results of the QC for LC-TOF measurements in positive ionization mode. 

Testmix 

# 

Mass 

(theoretical) 

Mass 

(measured) 

Δ Mass 

[Da] 

Mass 

accuracy 

[ppm] AUC RT 

1 279.0916 279.0912 -0.0004 1.3006 2433542 2.81 

2 279.0916 279.0911 -0.0005 1.3799 2611725 2.82 

3 279.0916 279.0910 -0.0006 1.2666 2513730 2.82 

1 271.0323 271.0320 -0.0004 1.2633 1206557 2.82 

2 271.0323 271.0318 -0.0006 1.5960 1211159 2.83 

3 271.0323 271.0318 -0.0006 0.9677 1217103 2.83 

1 285.0213 285.0209 -0.0004 1.6590 1058387 3.22 

2 285.0213 285.0210 -0.0003 2.0809 1057026 3.23 

3 285.0213 285.0209 -0.0004 1.0210 1067704 3.22 

1 311.0814 311.0810 -0.0004 1.0383 2293771 4.05 

2 311.0814 311.0811 -0.0003 1.6320 2493051 4.05 

3 311.0814 311.0810 -0.0004 1.1269 2373666 4.05 

1 278.1909 278.1904 -0.0004 2.0173 4870030 4.98 

2 278.1909 278.1904 -0.0005 2.1178 4947451 4.99 

3 278.1909 278.1903 -0.0006 1.4069 5016843 5.00 

1 314.1392 314.1389 -0.0003 1.3598 1868371 6.22 

2 314.1392 314.1389 -0.0004 2.0993 1774190 6.22 

3 314.1392 314.1388 -0.0004 1.3497 1769561 6.22 

 

 

Figure S3. Mass accuracy for the six components of the in-house in positive ionization mode. 
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Table S6. Results of the QC for LC-TOF measurements in negative ionization mode. 

Testmix 

# 

Mass 

(theoretical) 

Mass 

(measured) 

Δ Mass 

[Da] 

Mass 

accuracy 

[ppm] AUC RT 

1 269.0167 269.0173 0.0006 2.0631 1402327 2.85 

2 269.0167 269.0174 0.0007 2.0459 1667004 2.84 

3 269.0167 269.0173 0.0006 1.2845 1735250 2.84 

1 283.0057 283.0062 0.0006 2.6207 1387172 3.24 

2 283.0057 283.0063 0.0006 2.1519 1521210 3.24 

3 283.0057 283.0063 0.0007 1.8022 1687087 3.23 

1 309.0658 309.0662 0.0004 2.2489 962758 4.07 

2 309.0658 309.0663 0.0006 2.3286 1127675 4.06 

3 309.0658 309.0663 0.0006 1.8022 1161140 4.06 

 

 

Figure S4. Mass accuracy for the six components of the in-house in positive ionization mode. 
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1.6 Methodology for statistical metabolome filtering 

1.6.1 Feature definition 

For statistical analysis all detected signals of the MS spectra were grouped into features. We 

used the TRex feature finding algorithms build in into Bruker Metaboscape 4.0.1 build 594. For 

two-dimensional data such as the DI measurements on the FTICR, TRex 2D was used while 

three-dimensional data such as the LC-TOF datasets were processed using TRex 3D. Features 

were defined as, the difference between signal, ion and feature as exemplified for a compound 

(Cpd X) showing an m/z at 331.28 and 313.28 Da (see Figure S5). In general, without any data 

processing an MS spectrum only consists of different signals detected at different m/z. During 

the ESI process different ions can be generated, for example the [M+H]+ for Cpd X at 313.27 

and [M+Na]+ 331.28. Those ions can further be grouped to features by calculating the exact 

difference between the different ions. Further proof for the cohesiveness of the different ions 

can be obtained by comparing the peak progression of the ions, which correlate if the signals 

belong to the same compound.   

 

Figure S5. Difference between signals, ions and features exemplified for m/z 331.28 and 313.27. 
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1.7 Spectral networking details for the acquired tandem MS data 

Molecular networks were created using a parent mass tolerance of 0.05 Da and a fragment ion 

tolerance of 0.1 Da. Cosine score of edges considered to network was set to 0.65 and the 

minimum matched fragment peaks was set to 4. 

2. Segmented DI-FTICR method 

As described in the material and methods part of the manuscript, for DI-FTICR measurements 

the mass spectrum was divided into eight segments (see Figure S6), using the quadrupole of the 

system as a filter. The collision RF Amplitude was optimized for each segment, resulting in 

1000 Vpp for the segment from 150-200 m/z (1) and 800-1000 m/z (5), 1300 Vpp from 200-

600 m/z (2,3) and 1000-1200 (6), 800 Vpp for 600-800 m/z (4) and 1800 Vpp for 1200-1500 

(7,8). The spectra acquired in each segment were later stitched together by the FTMS control 

software (Bruker) to obtain a full spectrum from 150-1500 m/z.  

 

Figure S6. Segments used for the DI-FTICR measurements. 
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3. KNIME-workflow for feature comparison  

Comparison of molecular feature content of the different analyses was done using SQL queries 

on an SQL server after upload of molecular feature data including retention time (RT, for LC 

based analyses) exact Mass (m), Intensity (I) and bucketing counts for feature presence in blank 

and sample analyses. Automated iterations of these SQL queries were performed using the 

KNIME software framework. A detailed description of the bucketing process is described in 

the discovery process of the fulvuthiacenes.2 Manual access to the SQL server for functionality 

control was realized with NaviCat v12.1.27. Tabulated feature data containing the bucketing 

information is extracted from Metaboscape as a csv file. Automated SQL server upload and 

SQL queries are realized in the KNIME software framework v4.0.2. All KNIME workflows 

used in the comparison will be provided upon request.  

KNIME comparison of the different MS based analyses is done as follows: 

Upon upload, all features occurring in both blank and bacterial extract, which is indicated by a 

bucketing count of non-zero among the blanks, are omitted from upload to remove all medium 

associated LC-MS signals. Next, overlap of two different LC-MS based analyses is determined 

using grouping queries in SQL with a retention time tolerance of 0.2 min and a mass tolerance 

of 0.02 Da. Overlap of two different DI-MS based analyses is determined using a similar 

grouping query with a mass tolerance of 0.005 Da. The overlap of LC-MS and DI-MS analyses 

is determined using a grouping query with a mass tolerance of 0.02 Da. Tables containing all 

grouped molecular features containing information about retention time (RT, for LC based 

analyses) exact mass (m) and intensity (I) can be provided as csv files for each MS analysis 

under each cultivation condition. 
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4. Annotations of known secondary metabolites 

All measurements were annotated with our in-house database Myxobase containing known 

myxobacterial secondary metabolites. As the analytical data was mainly deposited for positive 

ionization, negative ionization measurements were disregarded for this analysis. Compounds 

that were only detected with one setup, were manually checked for other adduct ions of the 

same compound in the other setups. Only hits with a mass deviation of less than 5 ppm and a 

retention time deviation of 0.2 min were considered accurate.  

Table S7. Known myxobacterial secondary metabolites, detected in the extracts used for this study. 

 LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate  

Mx122 Δppm ion type Δppm ion type Δppm ion type Δppm ion type ΔRT [min] 

Dkxanthen-520 0,3 [M+H]+       0,06 

Dkxanthen-548 1 [M+H]+ 2 [M+H]+     0,15 

Homospermidin 

Lipid 521 
0,4 [M+H]+ 2,3 [M+H]+   1,1 [M+Na]+ 0,05 

Phenalamid A1 1,9 [M+H]+ 0,2 [M-H2O+H]+ 2,9 [M+Na]+ 1 [M+Na]+ 0,01 

Phenalamid B 0,3 [M+H]+ 2,6 [M+H]+     0,22 

Melithiazol A  0 [M+Na]+ 0,4 [M+Na]+ 0 
[M-

MeOH+H]+ 
0,6 [M+Na]+ 0,78 

Melithiazol B    0,8 
[M-

MeOH+H]+ 
    0,04 

Cystobactamid A1 0,8 [M+H]+       0 

Cystobactamid C 0,5 [M+H]+       0,05 

Myxalamid B   1,2 [M+H]+ 1,8 [M+Na]+   0,22 

Soraphen B2α       3 [M-H2O+H]+ N/A 

Soraphen C2α       2,1 [M-H2O+H]+ N/A 

 LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate  

SoCe26 Δppm ion type Δppm ion type Δppm ion type Δppm ion type ΔRT [min] 

Soraphen A 0,1 [M-H2O+H]+ 0,6 [M-H2O+H]+ 0,4 [M+Na]+ 0,1 [M+Na]+ 0,01 

Soraphen V/C 1,5 
[M-

2H2O+H]+ 
0,3 [M-H2O+H]+ 1,4 [M+Na]+ 1,2 [M+K]+ 0.01/0.15 

Soraphen F2β 1,9 [M-H2O+H]+ 0 [M+NH4]
+ 2,9 [M+K]+ 0,8 [M+Na]+ 0,07 

Soraphen A1γ/δ 0,8 [M-H2O+H]+ 0,9 [M-H2O+H]+ 2,8 [M+Na]+ 2,4 [M+Na]+ 0,05 

Jerangolid A     2,1 [M+Na]+   N/A 

Jerangolid E     4,8 [M+NH4]
+   N/A 

 

 
LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate  

SbSr044 Δppm ion type Δppm ion type Δppm ion type Δppm ion type ΔRT [min] 

Ambruticin  

Pre-S-OMe 
    0,9 [M-H2O+H]+   N/A 

Ambruticin S   4,5 [M-H2O+H]+     0,98 
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Ambruticin  

VS-3 N-Oxid 
    2,6 [M+H]+   N/A 

Corallopyronin A2   0,7 [M-H2O+H]+     0,04 

Salinimyxantin B   0,8 [M+H]+   1,8 [M+K]+ 0,07 

 LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate  

Mx152 Δppm ion type Δppm ion type Δppm ion type Δppm ion type ΔRT [min] 

Pyrrolnitrin 0,5 [M+H]+ 0,6 [M+H]+     0,02 

Myxothiazol A 0,2 
[M-

MeOH+H]+ 
0,1 

[M-

MeOH+H]+ 
  1,7 [M+Na]+ 0,04 

Myxothiazol A  

Methylester 
0,7 [M+H]+ 1,8 [M+H]+ 3,2 [M+Na]+ 0,3 [M+H]+ 0,09 

Soraphen A       1,8 [M-2H2O+H]+ N/A 

Soraphen C2α       2,1 [M-H2O+H]+ N/A 

5. Minimum specific feature calculation 

In order to evaluate the influence of ion types on our analyses, we performed a minimum 

specific feature calculation. With this we attempted to determine the number of features that 

were guaranteed unique to one instrument setup.  

 

Scheme S1. Minimum number of unique feature calculation for the comparison of LC-TOF and DI-FTICR in 

positive ionization mode. 

The features from the data sets Mx1_pos_liquid_LC, Mx1_pos_liquid_DI, Mx1_pos_plate_LC 

and Mx1_pos_plate_DI were matched against each other (LC vs. DI for liquid and plate 

respectively) to find common and setup specific features.  The calculation was performed three 

times, under the assumption that all ions are either [M+H]+, [M+K]+ or [M+Na]+. The sum of 

all commons was then subtracted from the total number of features to find the minimum number 

of specific features. (Table S8 and Scheme S1) This calculation assumes no overlap between 

ion types and therefore underestimates the true number of instrument specific features.  
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Table S8. Results of the minimum number of unique feature calculation for the comparison of LC-TOF and DI-

FTICR in positive ionization mode. 

setup 

 
[M+H]+ [M+Na]+ [M+K]+ total 

total common specific common specific common specific 
sum  

commons 

specifics  

absolute 

specifics  

relative 

Liquid + 

LC-TOF 
573 88 485 93 480 86 487 267 306 53% 

Liquid +  

DI-FTICR 
1135 127 1008 220 915 133 1002 480 655 58% 

Plate + 

LC-TOF 
755 75 680 96 659 27 728 198 557 74% 

Plate + 

DI-FTICR 
783 133 650 167 616 51 732 351 432 55% 

6. Molecular networks of unique secondary metabolites 

Molecular networks of secondary metabolites found to be uniquely produced by one of the 

myxobacterial strains investigated in our analysis are listed in Figure S7-Figure S14. Self-loops 

(features without similar fragmentation pattern to any of the other features) were excluded from 

our analysis. For Simulacricoccus ruber MCy10636 no molecular network is shown as no 

features clustered to another.  
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Figure S7. Molecular network of unique metabolites produced by strain MSr11367. 

 

Figure S8. Molecular network of unique metabolites produced by Myxococcus fulvus MCy9270. 
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Figure S9. Molecular network of unique metabolites produced by Sorangium cellulosum SoCe 26. 

 

Figure S10. Molecular network of unique metabolites produced by Myxococcus xanthus DK1622. 
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Figure S11. Molecular network of unique metabolites produced by Pyxidicoccus sp. MCy10649. 

 

Figure S12. Molecular network of unique metabolites produced by MSr10575. 
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Figure S13. Molecular network of unique metabolites produced by MSr11770. 

 

Figure S14. Molecular network of unique metabolites produced by MCy9487. 

We furthermore were interested if there are any secondary metabolite clusters only detectable 

with LC-TOF, which would indicate that specific chemistry is only detactable with this setup 

or if the LC-TOF unique features are distributed among different secondary metabolite families. 

We therefore created a molecular network of all strain unique metabolites and highlighted the 

LC-TOF unique features (see figure S15). Interestingly, those features are distributed over the 

whole network. Most of the times we only find one member of a secondary metabolite family 

that is only detectable with LC-TOF. Some of the bigger clusters include more unique LC-TOF 

features, but for those big clusters there are always more features detectable with both systems 

than unique features. There is only one cluster consisting of two nodes, which is only detactable 

with LC-TOF. This cluster however consists of two features with the same exact mass, but 

different retention times, why they likely are just isomers.This analysis therefore underlines in 
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addition to the targeted analysis, that most of the secondary metabolite families detectable with 

LC-TOF are also detectable with DI-FTICR. 

 

Figure S15. Molecular network of all strain unique metabolite with feautures only detectable with LC-TOF 

highlighted in blue and features detectable with LC-TOF and DI-FTICR in grey. 
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