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ABSTRACT: Supercritical fluid extraction (SFE) is widely used for the isolation of natural products from plants, but its application
in efforts to identify structurally and physicochemically often dissimilar microbial natural products is limited to date. In this study we
evaluated the impact of SFE on the extractability of myxobacterial secondary metabolites aiming to improve the prospects of discovering novel natural products. We investigated the influence of different co-solvents on the extraction efficiency of secondary metabolites from three myxobacterial strains as well as the antimicrobial activity profiles of the corresponding extracts. For each known
secondary metabolite we found extraction conditions using SFE leading to superior yields in the extracts compared to conventional
solvent extraction. Compounds with a logP higher than 3 showed best extraction efficiency using 20% EtOAc as a co-solvent, whereas
compounds with logP values lower than 3 were better extractable using more polar co-solvents like MeOH. Extracts generated with
SFE showed increased antimicrobial activities including the presence of activities not explained by known myxobacterial secondary
metabolites, highlighting the advantage of SFE for bioactivity-guided isolation. Moreover, non-targeted metabolomics analysis revealed a group of chlorinated metabolites produced by the well-studied model myxobacterium Myxococcus xanthus DK1622 which
were not accessible previously due to their low concentration in conventional extracts. The enriched SF extracts were used for isolation and subsequent structure elucidation of chloroxanthic acid A as founding member of a novel secondary metabolite family. Our
findings encourage the increased utilization of SFE as part of future microbial natural products screening workflows.

INTRODUCTION
Over the years, supercritical fluid extraction (SFE) has contributed to efficient extraction processes of plant based natural
products for pharmaceutical and food applications.1,2 SFE is often characterized as a “green technology” as its benefits include
comparably low energy and liquid solvent consumption, relying
mainly on supercritical carbon dioxide (CO2) as extraction solvent.3 Furthermore it profits from the unique intrinsic properties
of a supercritical fluid, showing liquid–like solvation because
of its liquid-like density, combined with increased mass transfer
between the extracted material and the supercritical fluid because of its gas–like viscosity and diffusivity.4 These unique
properties allowed extraction and isolation of a diverse set of
natural products from plants, such as flavonoids and phenolic

acids from Medicago sativa L. (Alfalfa)5 or piperine from Piper
nigrum L..6 In microbial natural product research however, the
application of SFE appears limited to the isolation of natural
products from cyanobacteria. The structural diversity among
cyanobacterial metabolites isolated with SFE is high, comprising the epoxide containing polycyclic natural product chaetoglobosin, the xanthone sydowinin B, the nitrophenyl containing
mycolutein and luteoreticulin, the glycosylated macrolactam
elaiophylin and the polyunsaturated fatty acid γ-linoleic acid.7,8
All of these compounds extractable with dichloromethane in a
conventional solvent extraction approach can be enriched with
alcohol-modified supercritical CO2 extraction.8
Some of the metabolites successfully isolated with SFE from
plants or cyanobacteria are not only characterized by their

unique chemical properties but exhibit potent biological activities such as the cytotoxic chaetoglobosins.9,10 The comparison
of chemical profiles and biological activities of SF extracts to
conventional solvent extracts has also been carried out successfully for various plants like Satureja montana or Sideritis
scardica Griseb..11,12 Compared to soxhlet and hydrodistillation
extracts of Satureja montana, SF extracts of this traditional
medicine plant show stronger activities against Bacillus cereus
and B. subtilis as well as unique activities against Salmonella
enteritidis and Colletotrichum coffeanum.13 These results highlight the potential impact of SFE on natural products research,
as SFE was not only able to generate extracts with improved
biological activities, but also enabled generation of extracts
showing previously undetected biological activities.
In studies by Silva et al., only supercritical CO2 without the addition of co-solvent was used, which limits the supercritical
fluid extraction exclusively to highly non-polar metabolites, as
CO2 itself is highly hydrophobic.13 Esquivel-Hernández et al.
have shown for the cyanobacterium Arthrospira platensis that
from all variable extraction parameters like pressure, temperature, co-solvent and the introduction of static, dispersant and
dynamic states during the extraction process, the choice of cosolvent has the highest impact on the extraction efficiency.14
Pressure and temperature have to be chosen appropriately to exceed the supercritical point of CO2 at 304.12 K and 73.7 bar.14,15
Subsequently, they have to be kept high enough, to preserve the
CO2 in supercritical state. For choosing temperature and pressure, it has to be taken into account that increasing percentage
of co-solvent increases pressure and temperature required to
reach the supercritical point of the mixture.16 The exact supercritical point of the respective mixture herein is strongly dependent on the chosen co-solvent. The most widely used cosolvents in SFE are alcohols such as ethanol (EtOH) and methanol (MeOH).3
For conventional solvent extraction, the choice of extraction
solvent is also the most varied parameter. The extraction process can be enhanced by exposing the extraction mixture to microwaves, ultrasound or heat. Microwave-assisted extraction or
heat supported extractions like soxhlet extraction, are not applicable for metabolites suffering from poor thermal stability,
given for a broad range of natural products.17 SFE in comparison offers the possibility to keep the temperature relatively low
due to the additional pressure applied, without loss in extraction
efficiency.16 On the other hand, conventional solvent extraction
methods have one main advantage: they come without expensive instrumentation.
Most microbial natural product isolation protocols rely on maceration as conventional solvent extraction method. 18–20 To access a preferably diverse set of microbial natural products, Ito
et al. exemplarily used a mixture of dichloromethane:methanol:water (64:36:8).18 Novel secondary metabolites from myxobacteria isolated in the past years have almost exclusively been
extracted with classical solvent extraction methods, using acetone as most commonly used solvent. Besides acetone, only
MeOH and ethyl acetate (EtOAc) were used.21–26
Despite its many advantages over solvent extraction, SFE is underrepresented in microbial natural product research and has
never been described for the extraction of myxobacterial cells.
Most publications dealing with SFE furthermore only report its
utilization for previously described natural products, like caffeine or capsaicin.3 As a representative example for natural
product extraction from microbial secondary metabolism we

therefore set out to investigate the metabolome of three different myxobacterial strains using SFE in comparison to conventional ultrasound-assisted extraction (UAE) with acetone and
MeOH. To study the influence of different co-solvents on the
extraction of known myxobacterial metabolites, we performed
targeted metabolomics-based examination of the SF extracts.
Furthermore, all extracts were compared with regards to detection of antimicrobial activities. As a proof of concept, a novel
secondary metabolite only detectable in trace amounts in UA
extracts of the well-studied model organism Myxococcus xanthus DK1622 was isolated and structurally elucidated.
EXPERIMENTAL SECTION
All cultivation conditions, analytical methods and statistical
data treatment procedures are described in detail in the Supporting Information.
Cultivation and Sample Preparation. Three myxobacterial
strains (M. xanthus DK1622, Sorangium sp. MSr11367 and
Sandaracinus sp. MSr10575) were grown in 2 liter shaking
flasks containing 400 mL of cultivation medium for 10 days at
30 °C and 180 rpm. An autoclaved aqueous suspension of Amberlite XAD-16 resin was added to all production media to a
volumetric concentration of 2% [v/v]. The cell pellets and resin
were lyophilized prior to further processing. M. xanthus
DK1622 yielded 8.7 g, Sorangium sp. MSr11367 8.7 g and Sandaracinus sp. MSr10575 2.7 g of dry cell pellet and resin. The
combined dry pellet containing cells and resin was then pulverized using an electric coffee grinder and split into two equal
batches. One batch was extracted by UAE whilst the other batch
was extracted with SFE. Blank extracts were generated by extracting the medium with resin.
Extraction procedure. SFE was carried out on a Waters® MV10 ASFE® system equipped with 10 mL analytical extraction
cartridges. The pulverized pellets were densely packed into the
cartridges and topped up with glass beads to avoid pressure
drops due to inconsistencies in the packing. The extraction process was carried out at 200 bar and 40 °C using a total flow rate
of 10 mL/min. The extraction was done in five steps, each one
performed with an initial dynamic extraction step for 5 minutes
followed by a static extraction step for 5 minutes and a second
dynamic extraction step for another 5 minutes. The pellets were
first extracted with 100% CO2. Afterwards, the pellet was extracted with 20% EtOAc as co-solvent, followed by 20% isopropanol (iPrOH), 20% MeOH and as a final step the pellet was
flushed with 50% MeOH. The MeOH make-up flow was set to
a total organic solvent flow of 3 mL/min. The resulting solvent
consumption was therefore 30 mL per step, except the extraction step with 50% MeOH where 50 mL MeOH was used. All
steps were collected and treated separately. The solvents were
evaporated under reduced pressure and the residues were dissolved in 4 mL MeOH each. UAE consisted of two subsequent
extraction steps, which were adapted from the most common
extraction procedures conducted for myxobacterial natural
products from 2018-2020 (see chapter 3.1 SI). 21–24,27–34 Firstly,
100 mL MeOH was added and the pellet sonicated for 1 h. After
removal of the MeOH, 100 mL acetone was added, and the pellet was sonicated for another 1 h. The two extracts were combined, and the solvent was removed under reduced pressure.
The residues were dissolved in 4 mL MeOH each. All extracts
were diluted 1:100 prior to UHPLC-MS measurements.
Isolation procedure. Chloroxanthic acid A was isolated by
semipreparative HPLC following a fractionation of the crude
extract by liquid-liquid partitioning. Purification was performed on a Dionex Ultimate 3000 SDLC low pressure gradient
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system equipped with a Phenomonex Luna® 5 µm C18(2)
100 Å LC Column (250 x 10 mm) thermostated at 45 °C. Separation was achieved using a linear gradient from 95% (A)
ddH2O with 0.1% formic acid to 70% (B) acetonitrile with 0.1%
formic acid over 29 minutes. The compound was detected by
UV absorption at 210 and 280 nm.
MS and NMR analysis of crude extracts and pure compound. UHPLC-qTOF measurements were performed in duplicates as technical replicates on a Dionex Ultimate 3000 SL system coupled to a Bruker maXis 4G UHRqTOF. The mobile
phase consisted of (A) ddH2O with 0.1% formic acid and (B)
acetonitrile with 0.1% formic acid. For separation a linear gradient from 5-95% B in A on a Waters Acquity BEH C18 column (100 x 2.1 mm, 1.7 µm dp) was used. Flow rate was set to
0.6 mL/min and the column heated to 45 °C. The LC flow was
split to 75 µL/min before entering the mass spectrometer, which
was externally calibrated to a mass accuracy of < 1 ppm. External calibration was achieved with sodium formate clusters.
Mass spectra were acquired in centroid mode ranging from 1502500 m/z at a 2 Hz scan rate. Capillary voltage was set to +
4000 V for measurements in positive ionization mode. Dry gas
was set to a flow rate of 5 L/min at 200 °C.
NMR spectra were recorded on a Bruker Ascend 700 spectrometer equipped with a 5 mm TXI cryoprobe (1H at 700 MHz, 13C
at 175 MHz). All observed chemical shift values (δ) are given
in in ppm and coupling constant values (J) in Hz. Standard pulse
programs were used for HMBC, HSQC and gCOSY experiments. HMBC experiments were optimized for 2,3JC-H = 6 Hz.
The spectra were recorded in methanol-d4 and chemical shifts
of the solvent signals at δH 3.31 ppm and δC 49.2 ppm were used
as reference signals for spectra calibration. To increase sensitivity, the measurements were conducted in a 5 mm Shigemi
tube (Shigemi Inc., Allison Park, PA 15101, USA).
Statistical Analysis and Annotations. Statistical interpretation
of the LC-MS data for targeted and non-targeted metabolomics
analysis was carried out with MetaboScape 4.0 and 5.0
(Bruker). The minimal intensity threshold for feature detection
by the built-in T-Rex 3D algorithm was set to 1.5 x 104 and the
maximum charge was set to three. The minimal group size for
creating batch features to five. Known myxobacterial secondary
metabolites were annotated using our in-house database containing myxobacterial secondary metabolites (Myxobase).
Overlap of the extraction methods as well as features uniquely
found in one analysis were calculated via t-Test analysis in
MetaboScape 4.0.
Determination of antimicrobial activities. For determination
of the extracts’ antimicrobial activities, all three biological replicates were combined and 20 µL of the saturated methanolic
extract was pipetted to 150 µL microbial test culture and serially diluted in 96 well plates. The microbial test panel consisted
of Staphylococcus aureus Newman, Escherichia coli DSM111,
E. coli TolC, Bacillus subtilits, Micrococcus luteus, Pseudomonas aeruginosa PA14, Candida albicans, Pichia anomala, Mucor hiemalis and Mycobacterium smegmatis Mc2155.
RESULTS AND DISCUSSION
We generated a total number of six different extracts per strain.
In case of the SF extraction, the pellet was extracted sequentially with pure CO2, followed by the addition of 20% EtOAc,
i
PrOH and MeOH as co-solvents. The co-solvents were used in
ascending polarity. As the last step 50% MeOH was used in addition to the 20% MeOH step. When SF extracts are referred to
in the following, this is indicated by the percentage and type of

cosolvent used. Conventional extraction is referred to as ultrasound assisted extraction (UAE).
Influence of the co-solvent on the extraction of myxobacterial secondary metabolites. All extracts were investigated in a
targeted metabolomics workflow and known myxobacterial
secondary metabolites were annotated from our in-house data
base (Myxobase). As Sandaracinus MSr10575 and Sorangium
strain MSr11367 are new myxobacterial strains that were recently isolated in our working group, a lower number of metabolites is known compared to the well-studied model myxobacterium M. xanthus DK1622.35,36 In M. xanthus DK1622 extracts, five different natural product families, namely the cittilins, myxovirescins, DKxanthenes, myxalamides and myxochromids, are detected. Representatives of these natural product
families are shown in Figure 1 (A-E). The remaining derivatives can be found in in the SI. Myxochelins and myxoprincomides, two additional natural product families known from
this strain, are not produced under the chosen cultivation conditions. Besides those secondary metabolites, the strain is found
to produce riboflavin. As there is a controversial debate if riboflavin should be taken as primary or secondary metabolite
(sometimes classified as pseudo-secondary metabolite), the
production and extraction is just mentioned for completeness
but not discussed in more detail here.37 Both described cittilin
derivatives (A and B) could be detected in the extracts, with the
highest intensity found in the 50% MeOH extracts.38,39 Cittilins
are also extractable with 20% MeOH as well as UAE and cittilin A can also be detected in lower intensities in the iPrOH extract. The family of myxovirescins contains more than 12 members, whereof six different derivatives (A-C and G-I) are detectable in our analysis.40 The highest intensities of all myxovirescin derivatives are found in the EtOAc extracts. Contrary to the
cittilins that are not extractable with pure CO2, the myxovirescins are also extractable without the addition of any co-solvent
in SFE. They are also present in low amounts in the 20% and
50% MeOH extracts. Due to the serial design of the experiment,
this indicates that the myxovirescins could be extracted using
MeOH as a co-solvent, but the compounds were already exhaustively extracted during the EtOAc step. Another abundant
and derivative-rich family of secondary metabolites are the
DKxanthenes (DKx).41 In our analysis, we detect seven DKx
derivatives, DKx 520, 526, 534, 544, 548, 560 and 574. Except
for DKx 526 all derivatives show the highest intensities in the
50% MeOH extracts. DKx 526 on the other hand shows highest
intensities in the EtOAc extract. All described myxalamide derivatives (A-D and K) are detectable in our extraction analysis,
with highest intensities in the EtOAc extracts. The iPrOH extracts show higher intensities than the UAE as well.42,43 From
the myxochromide compound family, only one derivative (A3)
is observed.44 Here, we find highest intensities in the EtOAc
extracts. Myxochromide A3 is also found in the iPrOH and both
of the MeOH extracts. In those extracts the detected intensities
of the secondary metabolite are on a similar level as in the UAE,
indicating that only SF extraction using EtOAc is superior in

3

myxalamides, indiacens and myxochromids, the most efficient
co-solvent for extraction is EtOAc. Estimating the polarity of
the secondary metabolite to be extracted therefore is crucial for
the choice of a matching co-solvent. SFE offers the possibility
to extract secondary metabolites from bacteria while simultaneously introducing some degree of selectivity, whereas solvent
extractions have a much broader extraction scope. Non-targeted
analysis of the extracts underpin the notion that the choice of
co-solvent (or rather the use of co-solvent at all) plays the most
important role in SFE. Only less than one percent of myxobacterial compounds are extractable with pure CO2 alone. Besides
the many compounds extractable under all conditions, most
myxobacterial secondary metabolites in this study are extractable when adding a polar co-solvent like iPrOH or MeOH. In
comparison to UAE we find 12% more features uniquely extractable with SFE, highlighting that SFE should be preferred
over standard UAE using only MeOH and acetone as solvents
in order to access as many metabolites as possible. We also observe an increase in antimicrobial activities of the SF extracts
compared to the standard UA extracts. Importantly, some antimicrobial activities could only be seen in the SF extracts indicating that certain bioactive metabolites can only be detected
and isolated using the SF-based approach. This is exemplified
by strain MSr11367, where we could not observe any bioactivities from the UAE at all.
Our non-targeted analysis of the extracts shows that the overall
number of metabolites that are exclusively extractable with SFE
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