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nosphingolipids from the rosette-
inducing bacterium Zobellia uliginosa and
evaluation of their rosette-inducing activity†

Chia-Chi Peng,ab Nils Dormanns, a Lars Regestein a

and Christine Beemelmanns *bc

The choanoflagellate Salpingoeca rosetta transitions from unicellular to multicellular forms in the presence

of bacterial signaling molecules, such as sulfonosphingolipids (RIFs). We set out to characterize the

abundance of RIF-like molecules within five different Bacteroidetes strains belonging to different genera.

While four strains exhibited similar sulfonosphingolipid profiles with sulfobacin A as the dominant feature,

the composition in Z. uliginosa differed distinctively. Targeted isolation yielded four sulfonosphingolipids,

including the previously reported flavocristamide A. While none of the sulfonosphingolipids induced

rosette formation, a negative impact on choanoflagellate growth and cell density was observed. In

contrast, supernatant extracts of Zobellia depleted in sulfonosphingolipid-like features provoked rosette

formation in S. rosetta indicating for the presence of yet another morphogenic compound class.
Choanoagellates, acknowledged as the closest living relatives
of animals, inhabit aquatic environments as bacterial predators
and have recently emerged as a promising model system for the
study of both eukaryotic development and the evolution of
multicellularity.1,2 This stems from their distinct phylogenetic
standing and the presence of stages resembling multicellularity
in various species.3 Notably, the choanoagellate Salpingoeca
rosetta presents both unicellular and multicellular phases,
including rosette formations created through successive cell
divisions without the detachment of sister cells (Fig. 1).4–7

Rosettes, which develop upon detection of specic signaling
molecules emitted by prey bacteria,8 have been proposed to
offer a survival advantage by facilitating increased water ow,
thereby boosting the rate of bacterial predation.9

The prey bacterium Algoriphagus machipongonensis signi-
cantly stimulates the predatory behavior of S. rosetta by secre-
tion of sulfonosphingolipids (rosette-inducing factors, RIFs)
RIF-1 and RIF-2, which induce the morphological trans-
formation in a dose-dependent fashion.10–12 While each of these
molecules separately triggers rosette formation in a small
proportion of cells, their co-secretion fosters rosette growth in
20–30% of cells. Intriguingly, A. machipongonensis also produces
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two lysophosphatidylethanolamines (LPEs), which in combi-
nation with RIFs amplify rosette development in approximately
80% of all cells. Conversely, the rosette-inducing capacity is
antagonized in a dose-dependent manner by the structurally
related RIF-homologs such as sulfobacin D, F, and sulfonolipid
IOR-1A (Fig. 1).13,14

The chemical interaction between choanoagellates and
bacteria mediated by these bacterial membrane components is
representative for the inherent complex cross-kingdom
communication of predator-prey relations and their chemical
mediators.15,16
Fig. 1 Predatory-prey interactions between S. rosetta and Algo-
riphagus machipongonensis mediated by bacterial sulfonosphingoli-
pids that trigger (RIFs) and inhibit (sulfobacins) the morphological
switch from single cell to rosette-like colonial cell type.
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Fig. 2 (A) Rosette formation and (B) cell density of S. rosetta in the presence of cell membrane and supernatant extracts (25 mg mL−1) obtained
from seven Bacteroidetes strains. Outer-membrane vesicles (OMVs) from A. machipongonensis PR1 served as positive and DMSO as negative
control (data not shown). (C) Microscopic pictures of single-celled S. rosetta (C1) and the start of colony formation (C2–C5).

Fig. 3 (A) HR-MS2-based GNPS cluster (negative ion mode) of cell
membrane extracts with nodes for RIF-1 (m/z 606.442 [M–H]−), RIF-2
(m/z 604.426 [M–H]−), sulfobacin F (m/z 588.430 [M–H]−), sulfobacin
D (m/z 590.446 [M–H]−) in A. machipongonensis PR1 (black), Z. uli-
ginosa ATCC 14397 (red), E. pacifica KMM 6172 (purple) and B. baltica
BA134 (blue). (B) HR-MS2-based GNPS cluster (negative ion mode) of
cell membrane extracts in Z. uliginosa ATCC 14397 (red) and Z. gal-
actonovorans Dsij (black).
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Sulfonosphingolipids represent an unusual class of sphin-
golipids featuring a sulfonic acid head group of the sphingoid
base,22 and their close relationship to eukaryotic sphingolipid
© 2023 The Author(s). Published by the Royal Society of Chemistry
signaling molecules17–19 have sparked captivating questions
about the prevalence and morphogenic activities of RIF-like
metabolites in other prey bacteria, their role in other cross-
kingdom interactions20,21 and diseases,19 as well as their
biosynthetic origin.22

In this study, we pursued a high-resolution tandem mass
spectrometry (HRMS2) and Global Natural Product Social
Molecular Networking (GNPS)23-driven sulfonosphingolipid
analyses of rosette-inducing and non-inducing strains
belonging to the Bacteroidetes. Targeted isolation of sulfonos-
phingolipids from lipid extracts of the inducing strain Z. uligi-
nosa led to the isolation of four Z. uliginosa specic
sulfonosphingolipids, including three yet no reported deriva-
tives. Furthermore, testing of culture extracts yielded further
proof that yet another still structurally unknown small molecule
class is capable of stimulating rosette formation.
Results and discussion

We rst evaluated the effects of seven Bacteroidetes strains,
including the rosette-inducing strain Algoriphagus machipongo-
nensis PR1, Cyclobacterium marinum LMG 13164, Dyadobacter
fermentans DSM 18053, Zobellia galactonovorans Dsij, Zobellia
uliginosa ATCC 14397 and the non-inducing species Echinicola
pacica KMM 6172 and Belliella baltica BA134, for their capacity
to induce rosette formation in a S. rosetta cell line. For this, all
strains were cultivated in marine broth for three days, aer
which cells and supernatant were separated by centrifugation.
While cell pellets were subjected to a methanolic lipid extract
procedure, culture supernatants were extracted using a stan-
dardized solid-phase (C-18) extraction protocol. Obtained
extracts (25 mg mL−1) were then added to a rosette-free cell
RSC Adv., 2023, 13, 27520–27524 | 27521
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Fig. 4 (A) Chemical structures of isolated sulfonosphingolipids isolated from Z. uliginosa showing key COSY and HMBC correlations; (B) cell
density of S. rosetta in dependence of increasing concentrations of sulfonosphingolipids isolated from Z. uliginosa, (C) and (D) stacked 1H and 13C
NMR spectra (CD3OD, 600 MHz) of sulfobacin D (turquoise) and ZU-590 (red).
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culture and rosette formation monitored over a period of 48 h
(Fig. 2A).

Overall, cell membrane extracts from the ve rosette-
inducing species (A. machipongonensis, C. marinum, D. fermen-
tans, Z. galactonovorans, Z. uliginosa) as well as enriched out-
er-membrane vesicles (OMVs) from A. machipongonensis
(positive control) consistently triggered the formation of stable
rosettes mostly without signicant decrease of cell density in S.
rosetta (Fig. 2B and C). In contrast, supplementation with
extracts derived from either E. pacica or B. baltica caused no
observable phenotypic changes in S. rosetta.
Abundance of sulfonosphingolipids in cell membrane extracts

We then used a comparative HRMS2-based network approach to
analyze the sulfonosphingolipid prole of methanolic cell
membrane extracts of inducing and non-inducing Bacteroidetes
species (A. machipongonensis PR1, D. fermentans DSM 18053, Z.
uliginosa ATCC 14397, E. pacica KMM 6172, B. baltica BA134,
Table S1†). Although investigated strains belonged to different
bacterial genera, all ve strains revealed remarkably similar
sulfonosphingolipid proles (Fig. 3, S1 and S2†). Molecular ion
features assigned to RIF-1 (m/z 606.442 [M–H]−) and RIF-2 (m/z
604.426 [M–H]−) were only present in very low quantities,
whereas signals for the non-inducing sulfonosphingolipids
such as sulfobacin D and F (m/z 590.446, and 588.430 [M–H]−)
27522 | RSC Adv., 2023, 13, 27520–27524
dominated the sulfonosphingolipid proles (Fig. 3A).14 Inter-
estingly, Z. uliginosa exhibited several unique signals with the
nodes corresponding to m/z 616.462, 602.447 and 604.463 [M–

H]−, sharing a sulfonosphingolipid prole nearly identical to
the same genera of Z. galactonovorans (Fig. 3B), but neither
showed molecular ion features assigned to RIF-1 or RIF-2.

Since the cell membrane extract of Z. uliginosa demonstrated
similar rosette-inducing activity as OMVs and RIF-containing
extracts of A. machipongonensis, we hypothesized that RIF-like
sulfonosphingolipids might trigger rosette formation. Thus,
we commenced the isolation of the unique sulfonosphingolipid
features (m/z 616.462, 602.447 and 604.463 [M–H]−) of Z. uligi-
nosa using a MS-guided purication and isolation strategy.

Purication of methanolic cell membrane extracts via
reverse-phase chromatography yielded four sulfonosphingoli-
pids, which were named ZU-572, ZU-590, ZU-602 and ZU-616
and showed RIF-like molecular ion features (Fig. 4A, S4–S6,
Tables S2 and S3†). Comparative 1D and 2D NMR analysis
revealed that compound ZU-616 exhibited the same chemical
shi patterns as reported for isolated and synthetic a-
vocristamide A,24,25 a known DNA polymerase a inhibitor.

In contrast, isolated compounds ZU-572 and ZU-602 exhibi-
ted yet unreported molecular ion features and
sulfonosphingolipid-like MS-fragmentation pattern. We then
compared the 1D and 2D NMR-based chemical shis and 2D
© 2023 The Author(s). Published by the Royal Society of Chemistry
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correlations as well as HRMS/MS fragmentation patterns (major
fragment of m/z 348.2214 [M–H]−) of ZU-572, ZU-602
and ZU-616, and were able to deduce that the newly
isolated sulfonosphingolipids carried the same capnine base as
avocristamide A, but were acylated with (hydroxylated) iso-fatty
acids of different length (Fig. 4, S5–S47†).

To verify the hypothesis, we performed methanolic acid
hydrolysis of ZU-572, followed by hexane-based extraction of the
methyl ester and GC-MS/MS analysis. Comparison of MS-
fragmentation features with the NIST database allowed us to
condently assign the fatty acid methyl ester for ZU-572 as
methyl 13-methyltetradecanoate supporting the structural
hypothesis (Fig. 4).10

In contrast, ZU-590 shared the exact samemass as sulfobacin
D (m/z 590.446 [M–H]−), but its 1H- and 13C-NMR chemical
shis as well as 2D NMR correlations differed from the reported
sulfobacin D (Fig. 4C and D).10,14 Based on comparative 1D and
2D NMR analyses with previously synthesized and isolated
sulfonosphingolipids, we were able to deduce that ZU-590 is
composed of a RIF-1 like dihydroxylated capnine base, which
has been acylated with an unmodied fatty acid.10
Testing for rosette-inducing activity

Subsequently, we evaluated the rosette-inducing effects of the
four RIF-like sulfonosphingolipids isolated from Z. uliginosa.
However, none of the isolated RIF-like sulfonosphingolipids
induced rosette formation at any tested concentration. Instead,
all four RIF-like sulfonosphingolipids caused a reduction in cell
density (Fig. 4B) despite their structural similarity to RIF-1 and
RIF-2. A similar phenomenon was observed for synthetic sul-
fobacin congeners and those isolated from the rosette-inducing
strain C. marinum and the non-inducing species E. pacica.
Here, it can be speculated that similar to avocristamide A,
sulfobacin-like derivatives could act as DNA polymerase
a inhibitors in S. rosetta; a hypothesis that warrants further
investigations.14

We then compared the HRMS2 proles of both, cell
membrane and supernatant extracts of Z. uliginosa to deduce
potential shared molecular features (Fig. 3 and S2†). Intrigu-
ingly, sulfonosphingolipid concentrations were below detection
levels in rosette-inducing supernatant extracts supporting our
hypothesis, that other yet unknown bacterial-derived metabo-
lites might be the actual morphogens. A targeted MS-analysis of
enriched and semi-puried fractions also revealed that neither
sphingolipids, capnine bases, siderophores, nor the algae
morphogen thallusin26 were detectable within the active
metabolite fractions leaving the chemical nature of the
morphogen elusive.
Conclusions

Our HRMS2 based analysis of ve Bacteroidetes type strains
revealed highly similar sulfonosphingolipid proles across four
strains, while Z. uliginosa exhibited a similar but distinct prole
with unique RIF-like sulfonosphingolipid nodes. The MS-
guided isolation revealed three novel sulfonosphingolipid
© 2023 The Author(s). Published by the Royal Society of Chemistry
congeners and one known sulfonosphingolipid (a-
vocristamide A), which differed in the length of the fatty acid
chain and the hydroxylation pattern. Evaluation of their rosette-
inducing capacity uncovered that all four sulfonosphingolipids
were not capable of inducing rosette formation, instead caused
a reduction in cell density of S. rosetta, similar to the structurally
related sulfobacins.14 The nding that cell membrane and
supernatant extracts depleted of sulfonosphingolipid-like
features showed still activity hints towards yet another
compound class capable of inducing rosette formation. Our
ndings have shed more insighs will stimulate further research
into diversity of bacterial signals in cross-kingdom communi-
cation, in general and predator-prey interaction of Bacter-
oidetes-S. rosetta in particular.
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