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Sphingolipids have long been of interest to the scientific community for their
roles in eukaryotic cell structuring and disease pathology. Less is known about
the occurrence and function of these diverse compounds in the bacterial
domain of life, with most studies on bacterial sphingolipids focused on
eukaryotic disease research and host-pathogen or host-symbiont
interactions. Thus, bacterial contributions to environmental sphingolipid
pools are poorly understood and the function of these lipids outside of
pathogenicity remains largely unexplored. This report marks the first
instance of sphingolipid production in a member of the phylum
Acidobacteria, a globally ubiquitous phylum of soil bacteria. The occurrence
of core- and intact-ceramides is reported for the Acidobacterium Solibacter
usitatus under various environmentally relevant conditions. Shifts in the
production of ceramides across temperature, pH, and oxygen gradients in
this organism suggest that these compounds play a role in the physiological
adaptation to environmental fluctuations. Additionally, the genetic basis of
bacterial ceramide biosynthesis in this species is assessed and used to
explore the potential for ceramide biosynthesis across the bacterial domain
of life. The extent of the biosynthetic potential for Acidobacteria to produce
ceramides coupled to the abundance of their genes in soil metagenomes
suggests that soil sphingolipids should not be solely attributed to eukaryotic
production.

KEYWORDS

ceramides, acidobacteria, sphingolipids, soil bacteria, biosynthesis

1 Introduction

Sphingolipids are a diverse class of lipids characterized by their sphingoid bases, also
referred to as long chain bases (LCBs), which are composed of a variety of aliphatic
amino alcohols. Ceramides are a type of sphingolipid in which the LCB is N-acylated
with any of a structurally diverse group of fatty acids. With vast structural varieties
observed for both their LCBs and fatty acid components, ceramides are classically named
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Overview of the bacterial ceramide biosynthesis pathway from Stankeviciute et al., 2022. Formation of 3-Ketodihydrosphingosine (Serine Palmitoyl
Transferase, Spt). Formation of Bacterial Oxidized Ceramides (Bacterial Ceramide Synthase, bCerS). Formation of Bacterial Dihydroceramides ((Bacterial
Ceramide Reductase, CerR)). Formation of Bacterial Hydroxy-Ceramides (Bacterial ceramide hydroxylase, CerH). Spt can use either acyl-CoA or acyl-
ACP (acyl carrier protein) as a substrate. CerH was shown to use either oxidized- or dihydro-ceramides as substrates in C. crescentus.

after the combination of their LCBs and fatty acids. Ceramides are
well documented components of eukaryotic cell membranes and
structures (e.g., Harrison et al., 2018 and references therein for
mammalian and fungal ceramides). While nearly ubiquitous in
eukaryotes, the production of ceramides has only been reported in
a few bacterial taxa to date (e.g., Harrison et al., 2018). Initially
exclusive to the Sphingomonadaceae, bacterial sphingolipids have
been found in members of the Bacteroidetes, Chlorobi, and other
Proteobacteria over the past decade (An etal.,, 2011; Stankeviciute
et al., 2019; Johnson et al., 2020; Couvillion et al., 2023).

Despite their significance in eukaryotes, the physiological role of
sphingolipids in bacterial membranes is not well understood. While
various studies have investigated the role of bacterial sphingolipids in
the context of eukaryotic pathogenicity (Heaver et al., 2018), far less is
known about the role of these compounds in environmental systems.
This knowledge gap is in part a consequence of the previously
unresolved biosynthetic pathway of ceramides in bacteria. Recently,
the bacterial ceramide biosynthetic pathway was partially predicted
(Olea-Ozuna et al,, 2021) and independently confirmed (Stankeviciute
etal, 2022) in the Proteobacterium C. crescentus. The bacterial pathway
consists of three essential steps involving the condensation of L-serine
and fatty-acyl CoA (Serine Palmitoyl Transferase, Spt) and subsequent
addition of a second acyl chain (Bacterial Ceramide Synthase, bCerS)
and reduction of the LCB (Bacterial Ceramide Reductase, CerR)
(Figure 1) (Stankeviciute et al., 2022). While a combination of these
three steps is necessary for producing a bacterial ceramide, other
structural modifications to bacterial ceramides have been observed.
Bacterial ceramide hydroxylase (CerH) was demonstrated to facilitate
the addition of a hydroxyl group at the C2 position of the acyl chain in a
ceramide from Caulobacter crescentus (Figure 1) (Stankeviciute
et al,, 2022).
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In addition to reporting the enzymatic basis for bacterial
ceramide biosynthesis, Stankeviciute et al. (2022) conducted
bioinformatic analyses of the genetic potential for bacterial
ceramide biosynthesis, predicting bacterial ceramide production
in environmental niches such as soil and aquatic ecosystems.
Ceramides have been widely reported as components of soils,
although their production is often attributed to eukaryotic
members of these ecosystems due to their abundance in plants
(e.g., Markham et al., 2013) and occurrence in fungi (Harrison
et al,, 2018). While little is known about sphingolipid production
by soil bacteria, the work presented here documents the
production of ceramides by the Acidobacterium Solibacter
usitatus, a bacterium isolated from a temperate, Australian
pasture soil (Joseph et al., 2003). The occurrence of ceramides
has not been previously reported within the Acidobacteria, a
bacterial phylum that is an abundant and diverse component of
global soil environments. Acidobacteria represent on average 20%
of the microbial communities of global soils and are metabolically
diverse heterotrophs (Eichorst et al.,, 2018). This work aims to
explore the occurrence of ceramides in the bacterium Solibacter
usitatus in the context of 1.) The physiological role of sphingolipids
in soil bacteria and 2.) The unknown contribution of bacterial
sphingolipids to soil ecosystems.

2 Materials and methods
2.1 Microbial culturing

Solibacter usitatus strain Ellin6076 (Joseph et al., 2003; Ward
et al, 2009) was grown in triplicate in a modified DSMZ
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TABLE 1 Overview of S. usitatus culturing conditions discussed in this study.

10.3389/fgeoc.2024.1400278

Temperature Exp. pH Exp. O, Exp. PO,3- Exp.
Temp. 15°C 20°C 25°C 30°C 25°C 25°C 25°C 25°C
pH 5.5 55 55 5.5 65 5.5 55 55
% O, 21% 21% 21% 21% 21% 10% 5% 21%
Media (DSMZ#) 1266* 1266* 1266* 1266* 1266* 1266* 1266* 1266* +10 mM PO43-

Each column represents an experiment comprised of biological triplicates. Column header indicates which experimental variable group(s) the experiment belongs to. * modified DSMZ 1266, see

text for explanation.

1266 medium (see Halamka et al., 2023) at different temperature
(15°C, 20°C, 25°C, 30°C), pH (5.5, 6.5), and oxygen (5%, 10%, 21%
0,) conditions (Table 1). In brief, modifications to the DSMZ
1266 medium included the addition of 0.67 g/L yeast extract
(YE) and 2.5 mM glucose (for full list of modifications, see
Halamka et al, 2023). Media pH was buffered by MES (pKa
6.15) and adjusted with 5M NaOH to the reported pH values.
One experimental condition was conducted with excess phosphate
(10 mM) added to the base medium (0.2 mM). All aerobic culture
experiments were conducted in standard yellow-capped 25-mL
culture tubes (18 mm diameter) with 10 mL of media shaken at
250 rotations per minute (rpm) in atmosphere (21% O,). Suboxic
culturing experiments (5% O,, 10% O,) were conducted in 100-mL
media bottles with 60 mL of media and gasket-sealed screw-cap lids.
Suboxic headspace was maintained by continuously flushing the
culture headspace through gas-impermeable 1/8” PTFE tubing
ports  with %-28
chromatography compression fittings at a rate of 100 mL/min

connected to in/out standard liquid
with high purity N, blended with compressed air using digital
mass flow controllers (Alicat Scientific, MC-Series). All suboxic
cultures were stirred continuously with a magnetic stir bar at
625 rpm to ensure gas equilibration between headspace and
media. Cultures were harvested in stationary phase by
centrifugation (5,000 rpm for 3 min), followed by freeze-drying

prior to lipid extraction.

2.2 Lipid extraction

Before intact polar lipid (IPL) extraction, freeze-dried cell pellets
were subjected to a pre-treatment procedure involving the freeze-
thaw cycling of biomass in hexadecyltrimethylammonium bromide
(CTAB). This technique has previously been reported by Evans et al.
(2022) to increase the yields of extracted IPLs from archaeal
The CTAB pre-treatment
extraction technique described in Evans et al. (2022) was

biomass. and subsequent lipid
followed without modification for freeze dried cell pellets of S.
usitatus. In brief, 1 g of CTAB was dissolved in 100 mL of
MilliQ (MQ) H,O. Once fully dissolved, 3 mL of the CTAB
solution was added to the freeze-dried cell pellets in organic
clean Teflon tubes. Sample tubes were immediately transferred to
a 50°C incubator for 20 min. After 20 min at 50°C, sample tubes were
transferred to a —=70°C freezer for 30 min. This process was repeated
for a total of three freeze-thaw cycles before freeze drying overnight.
After freeze-drying, the samples underwent an IPL extraction

procedure modified from Bligh and Dyer (1959). Samples were
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extracted via the addition of 15 mL of buffer solution followed by
centrifugation and addition of the subsequent supernatant to glass
separatory funnels (this process conducted with a phosphate buffer
(2x) followed by trichloroacetic acid (TCA) buffer (2x)). Following
the buffer extractions, 15 mL of dichloromethane (DCM) was added
to the funnels to induce phase separation of the organic layer. This
process was repeated an additional time with DCM followed by a
final addition of 15 mL of MQ H,O. The collected total lipid extract
(TLE) was then evaporated under a stream of N, gas for transfer and
storage for subsequent analyses.

2.3 Lipid analysis

Total lipid extracts (TLEs) were analyzed on a high-
performance liquid chromatography mass spectrometer
(HPLC-MS) instrument consisting of a Dionex UltiMate
3000 UHPLC  (Ultra  High
Chromatography) and a Bruker maXis ultra-high resolution
orthogonal (qTOF)
mass spectrometer equipped with an electrospray ionization

Performance  Liquid

acceleration quadrupole-time-of-flight

(ESI) source and operated in positive ion mode (Bruker
Daltonik, Bremen, Germany). Chromatographic separation of
IPLs and core lipids was achieved using the reverse phase (RP)
method described in Zhu et al. (2013). IPLs were subsequently
identified based MS-MS  (ddMS2)
fragmentation patterns (e.g., Sturt et al, 2004; Schubotz
et al., 2018).

on data dependent

2.4 Proteomic analyses

3 mL of cell culture was spun down at 17,000x g for 1 minute,
the supernatant was removed, and the pellets were frozen until
proteomic analysis. Protein concentrations were determined
using tryptophan fluorescence (Wisniewski and Gaugaz, 2015).
Protein sample preparation, trypsin digest, and label-free
quantitative proteomics were performed as described in
Bassett et al. (2022). Briefly, after digestion, tryptic peptide
samples were separated with an acetonitrile gradient from 2%
to 20% on a reverse-phase C18 1.7 um 130 A, 75 mm x
250 mm M-class column (Waters) using an Ultimate
3000 UPLC and analyzed using a Q-Exactive HF-X mass
spectrometer (Bassett et al., 2022). MaxQuant (Tyanova et al.,
2016) was used to search the raw data against all proteins of S.
usitatus strain Ellin6076 available on Uniprot (https://www.
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uniprot.org/taxonomy/234267). All peptides and proteins were
thresholded at a 1% false discovery rate and intensity-based
absolute quantitation values (iBAQs) were used to calculate
relative protein abundances and abundance percentiles.

2.5 Phylogenetic analyses

Acidobacteria genomes in the Joint Genome Institute (JGI)
and National Center for Biotechnology Information (NCBI)
databases were searched for the presence of bCerS proteins
using ACID_5449 as the BLAST query. Sequences with an
e-value < le-60 and a length = 350-500 amino acids were
classified as bCerS proteins. JGI grassland, peat, and tundra
metagenomes were searched for bCerS proteins with the same
parameters. To assess the taxonomic affiliation of the
metagenomic bCerS sequences, a phylogenetic tree was
constructed containing: 1) the metagenomic bCerS sequences,
2) the bCerS and 3)

Acidobacterial bCerS sequences obtained from the NCBI non-

Acidobacteria sequences, non-
redundant protein database (these sequences were retrieved by
using ACID_5449 as the query with the same parameters as
before except all genomes in the database were searched for
bCerS proteins and then clustered at 70% sequence identity
using CD-hit) (Fuetal., 2012). The sequences were aligned using
MAFFT on XSEDE (7.505) with default parameters (BLOSUM
matrix) (Katoh and Toh, 2010). The alignment was used to
construct an initial phylogenetic tree with FastTreeMP on
XSEDE  (2.1.10) with default parameters (JTT+CAT
substitution model) (Price et al., 2010). The tree was then
visualized with the Interactive Tree of Life (iTOL) (Letunic
and Bork, 2021). Metagenomic bCerS sequences clustering
identified and

selected for further analysis. A final phylogenetic tree was

with Acidobacteria bCerS proteins were

constructed containing the 1) metagenomic bCerS sequences
2) Acidobacteria bCerS
sequences, and 3) non-Acidobacteria bCerS sequences. The

clustering with Acidobacteria,

sequences were aligned using MAFFT as before and a
phylogenetic tree was constructed with the alignment using
IQtree (2.2.0) with ModelFinder (best fit model chosen: Q.
pfam+R10) with 1,000 bootstraps
(Kalyaanamoorthy et al., 2017; Hoang et al, 2018; Minh
et al.,, 2020). The resultant tree was visualized with iTOL.

and ultrafast

3 Results
3.1 Identification of sphingolipids

The polar lipid extracts of S. usitatus revealed a diversity of
glycerol- and sphingo-lipids. Previous studies have shown that S.
usitatus is a bacterium capable of producing both ester and ether
bound glycerol lipids (Sinninghe Damsté et al.,, 2018; Halamka
et al., 2023; Chen et al,, 2022), including a series of bacterial
branched glycerol dialkyl glycerol tetraethers (brGDGTs)
(Halamka et al, 2023, Chen et al., 2022). While the glycerol
lipid and fatty acid contents of this organism have been
discussed in previous works, sphingolipid production has not

Frontiers in Geochemistry

10.3389/fgeoc.2024.1400278

been detailed within this species. Thus, the occurrence of both
core and intact ceramides in the polar lipid profile of S. usitatus
prompted further investigation into the structural composition of
sphingolipids in this organism.

Two varieties of core ceramides were identified, with the most
abundant being ceramide NDS (non-hydroxy fatty acid
dihydrosphingosine ceramides) (Figure 2A). NDS ceramides
are the same configuration as the structure referred to as
bacterial dihydroceramide shown in Figure 1C. The second
variety of core ceramide identified in S. usitatus is referred to
as Cer-HHDS in this text. The MS* analysis of this compound
that the of Cer-HHDS
hydroxylated fatty acid component and a hydroxylated

indicates structure contains a
dihydrosphingosine LCB (Figure 3). The positions of the
additional hydroxylations on the fatty acid and LCB could not
be confirmed from the available mass spectra, therefore a
traditional ceramide naming convention was not applied to
this structure.

The overall IPL composition of S. usitatus, including both
glycerol lipids and sphingolipids, comprised four major polar
headgroups: phosphohexose (PH), phosphatidylethanolamine
(PE), phosphatidylcholine (PC), and di-phosphatidylglycerol
(DPG, also referred to as cardiolipin). Of these main polar lipid
classes, only PE head groups were detected in association with NDS
ceramides (Figure 2B). No polar head groups were detected for
Cer-HHDS.

3.2 Biosynthesis genes and protein
abundances

Following the detection of sphingolipids in the lipid profile of
S. usitatus, the genome was assessed for any of the known
ceramide biosynthesis pathways. Homologs for the key genes
involved in eukaryotic ceramide biosynthesis were not detected
(data  not with  the
Palmitoyltransferase (Spt), which is the only shared step

shown) exception of  Serine
between the eukaryotic and bacterial pathways (Ikushiro et al.,
2001; Yard et al., 2007; Stankeviciute et al., 2022). Following the
exclusion of any known eukaryotic mechanisms for the
biosynthesis of ceramides in S. usitatus, the genome was
analyzed for homology to the bacterial ceramide biosynthesis
pathway described from C. crescentus (Stankeviciute et al., 2022)
(Figure 4A-D) (Supplementary Figure S1).

The proposed homologs of the proteins encoded by spt (gene
ACID_5448), beerS (gene ACID_5449), and cerR (gene ACID_5451) in
S. usitatus occur in the same predicted biosynthetic operon, further
suggesting a shared functional relationship between these three
homologs (Price et al,, 2005) (Figure 4E). Protein BLAST results for
CerH homologs in S. usitatus identified protein Q024E6 (gene ACID_
2641), with the same annotation of fatty acid desaturase activity as CerH
(Supplementary Figure S1). However, the gene ACID_2641 does not
occur in the same predicted operon as Spt, bCerS, and CerR in S.
usitatus and no further evidence of its function was found. Proteomic
data generated from a subset of the culturing experiments from this
study (5 samples in total) indicate average to above average expression
levels for spt, beerS, and cerR whereas the protein predicted by ACID_
2641 was not detected (Figure 5).
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MS? spectra and structural overview of Cer NDS and PE-Cer NDS observed in S. usitatus. MS-MS fragmentation and structure of Cer NDS d17:0/15:

0 shown in panel (A). MS-MS fragmentation and structure of PE-Cer NDS d17:0/15:0 with neutral losses (NL) and key fragments shown in panel (B).
Following conventional ceramide nomenclature, the prefix d (e.g., d17:0) refers to the number (di-) of hydroxyl groups on the LCB. * HPLC-MS-MS
analysis did not determine the iso-branching of the displayed LCB and fatty acid. See discussion for further detail.

3.3 Ceramide response to temperature, pH,
and oxygen limitation

The most abundant PE ceramide detected across all analyzed
temperature, pH, and oxygen culturing conditions was PE-Cer NDS
d17:0/15:0 ([M+H]" = 635.51, PE-Cer m/z 635). To compare the
production of PE-Cer m/z 635 across all tested conditions, the
response units of the compound were normalized for each sample by
the amount of biomass extracted. Averages of biological triplicates
were calculated for each temperature, oxygen, pH, and phosphate
concentration (Figure 6). PE ceramides other than PE-Cer m/z
635 were detected in S. wsitatus, but at intensities that were at
least one order of magnitude lower than PE-Cer m/z 635 irrespective
of culturing condition (Figure 7). Signal intensities for the minor PE
ceramides in the excess phosphate experiment were too low for
reliable quantification.

3.4 Phylogenetic assessment of ceramide
biosynthesis potential in acidobacteria

To further elucidate the extent of Acidobacterial ceramide

production in global soils, genomes available for the phylum
from JGI and NCBI were assessed for similarity to the bCerS
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homolog from S. usitatus (ACID_5449). Genomes were assessed
for the occurrence of bCerS due to the role of this enzyme as the
first committed step in bacterial Cer-NDS biosynthesis.
Homology to Spt alone is not a robust indicator of ceramide
biosynthesis potential due to its high sequence similarity to
synthases of unrelated biosynthetic pathways (Stankeviciute
et al, 2022). BLAST results identified 359 bCerS sequences
belonging to various classes of Acidobacteria including:
Blastocatellia (n = 36), Holophagae (n = 17), Terriglobia (n =
72), Thermoanaerobaculia (n=79), Vicinamibacteria (n = 37),
and unclassified Acidobacteria (n = 118).

After establishing the ceramide biosynthetic potential of the
phylum, the occurrence of Acidobacterial bCerS genes in the
environment was explored. Soil metagenomes from JGI were
queried for ACID_5449, yielding a total of 16,477 bCerS
sequences from grasslands (n = 4,593), tundras (n = 447), and
peats (n = 11,437). To further assess which of these environmental
bCerS sequences could be attributed back to Acidobacteria, a gene
phylogeny for bCerS was constructed from the NCBI non redundant
protein database using bCerS sequences from non-Acidobacteria
(n=2,656) and Acidobacteria (n = 319). A total of 2,963 bCerS genes
from the soil metagenomes clustered within the resultant clades of
Acidobacterial bCerS proteins: 74 belonging to tundra, 187 to
grasslands, and strikingly, 2,702 to peats (Figure 8).
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4 Discussion
4.1 Ceramide structures in S. usitatus

The dominant species of ceramide structure detected in S.
usitatus (found as both a core ceramide and functionalized P/PE
ceramide) was ceramide NDS d17:0/15:0. Formation of the LCB
component of this compound, d17:0, is presumably facilitated by the
enzyme Spt using the substrates L-serine and a C15:0 fatty acyl
component. Activity and substrate preferences for Spt have been
described for a variety of eukaryotes and some bacteria, with varying
acyl-CoA/ACP carbon chain lengths and amino acids other than
L-serine (e.g., Tkushiro et al.,, 2001; Tkushiro et al., 2023). Although
the carbon chain length preference of the Spt from S. usitatus cannot
be determined without further analyses, the dominance of a d17:
0 LCB aligns well with the most abundant fatty acid components of
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this organism including saturated C15 compounds (Sinninghe
Damsté et al,, 2018; Chen et al., 2022; Halamka et al, 2023).
Both straight chain and iso-branched C15:0 fatty acids occur in
S. usitatus, but the MS” analyses performed for this study did not
clarify which of these features occurred in the d17:0 LCB. The
ceramide structures depicted in Figure 2 contain iso-branched LCBs
and fatty acyl components due to average relative abundance of
iC15:0 (11.0 £ 13.2) in S. usitatus being approximately double that of
nCl15:0 (5.3 + 3.2) (Halamka et al., 2023).

While the enzymes required for Cer-NDS biosynthesis in
bacteria are known (Spt, bCerS, CerR) and can be discussed in
context for the production of the major ceramide species in S.
usitatus, the occurrence of Cer-HHDS presents unknowns in the
enzymatic pathway. The Cer-HHDS structure proposed in
Figure 3 contains an additional hydroxyl group on both the
LCB (t20:0) and fatty acyl (C26:0) components of the ceramide.

frontiersin.org


https://www.frontiersin.org/journals/geochemistry
https://www.frontiersin.org
https://doi.org/10.3389/fgeoc.2024.1400278

Halamka et al.

10.3389/fgeoc.2024.1400278

B Bacterial Ceramide

A Serine Palmitoyl-
Synthase (bCerS)

transferase (Spt)

D Bacterial Ceramide
Hydroxylase (CerH)

C Bacterial Ceramide

C. crescentus
CCNA_01220 (cchF)
UniProt BLAST: UniProtkKB

TaxID: 332163

S. usitatus
> 32% identity e-value: 2e2

97% coverage Score: 515
ACID_5449

UniProt BLAST: UniProtkB
TaxID: 332163

S. usitatus
> 39% identity e-value: 2.9e®'

87% coverage Score': 647
ACID_5448

C. crescentus
CCNA_01212 (bcerS)

Reductase (CerR)
C. crescentus

C. crescentus
CCNA_01222 (cerR) CCNA_00202 (cerH

UniProt BLAST: UniProtkKB UniProt BLAST: UniProtKB
TaxID: 332163 TaxID: 332163

S. usitatus S. usitatus
> 31% identity e-value: 1.6e** | > 33% identity e-value: 3.6e

96% coverage Score: 371 98% coverage Score: 468
- cinsas1 |l ACiD 2641

E ACID_5448 ACID_5449 ACID_5450 ACID_5451 4ACID_5452

FIGURE 4

Overview of Solibacter usitatus homologs of bacterial ceramide biosynthesis proteins from Caulobacter crescentus (A—-D) (Stankeviciute et al.,
2022). Genes are represented by arrows inscribed with gene loci. (E) Predicted biosynthetic operon containing Spt, bCerS, and CerR. Gene loci ACID_
XXXX denoted above arrows, predicted enzyme names listed inside each arrow. DUF - Domain of Unknown Function. Genes are color-coded for clarity

following the scheme introduced in Figure 1.
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FIGURE 5

Averaged protein abundance data from 5 samples across the temperature and oxygen experiments of S. usitatus discussed in this study. Relative
abundances of the ceramide biosynthesis enzymes are plotted relative to the distribution of the averaged proteomes. Spt, bCerS, CerR, and CerH are
indicated by colored circles and labeled with their respective abundance percentiles. Dashed line represents the 50th percentile of relative protein
abundance. Reported errors indicate 1 standard deviation of the 5 samples and demonstrate the relatively consistent expression of these proteins

across experimental conditions. N.D. — Not detected (CerH).

Additionally hydroxylated ceramides are commonly occurring
compounds in many plants and fungi. Enzymes responsible for
many of the site-specific hydroxylations on the LCBs and acyl
chains of eukaryotic ceramides have been characterized, in
addition to the acyl chain modifying bacterial ceramide
(CerH). At present, mechanisms for LCB
hydroxylation in bacterial ceramides are unknown. Both the

hydroxylase

acyl chain and LCB positions of the additional hydroxylations
in the Cer-HHDS of S. usitatus are unconfirmed. Due to these
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uncertainties, the genome of S. wusitatus was assessed for the
occurrence of homologs to the known acyl chain bacterial
hydroxylase CerH and to any described LCB
hydroxylases from eukaryotes.

ceramide

4.1.1 Ceramide acyl chain hydroxylation

The enzyme CerH was reported to facilitate C-2 hydroxylation
on the ceramide fatty acyl chain in C. crescentus (gene CCNA_
00202), and while a homolog was proposed for S. usitatus (gene
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experiment was conducted at 25°C, 21% O,, and pH 5.5 and compared above to the corresponding temperature/oxygen/pH experiment that contained

0.2 mM phosphate from the base medium.

ACID_2641) the associated protein (Q024E6) was not detected in
the proteome. If Q024E6 is performing C-2 hydroxylation in Cer-
HHDS, the lack of its detection in the proteome could be due to the
low relative abundance of the compound. However, despite the
predicted similarities in the protein classifications of CerH and
QO024E6 (Supplementary Figure S1) BLAST results using a fatty
acid hydroxylase or desaturase as a query (such as CerH) have the
potential to find homologs of genes encoding for similar lipid
modification enzymes that are unrelated to sphingolipids.
Without further work, it is not possible to determine whether the
protein Q024E6 plays any role in ceramide modification in
S. usitatus.

4.1.2 Ceramide LCB hydroxylation

A C-4 hydroxylation on the LCB component of ceramides is the
defining feature of phytoceramides and phytosphingosines in
eukaryotes. Mammalian phytoceramide biosynthesis (protein
DES2) was first characterized in Mus musculus (Ternes et al,
2002; Omae et al, 2004). Fungal phytosphingosine biosynthesis
(protein SUR2/SYR2) was described in Saccharomyces cerevisiae
(Haak et al, 1997; Grilley et al, 1998; Bae et al., 2004). Plant
phytosphingosine biosynthesis (protein Sbh1/Sbh2) was identified
in Arabidopsis thaliana from its homology to SUR2/SYR2 in S.
cerevisiae (Sperling et al., 2001). However, BLAST searches in S.
usitatus yielded no homologs for the mammalian, fungal, or plant
phyto-ceramide/sphingosine enzymes (data not shown).
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4.2 Physiological role of sphingolipids
in bacteria

Previous microbial culturing work has provided some insights
into the physiological role of sphingolipids in bacteria. The bacterial
phylum Bacteroidetes contains a variety of sphingolipid producing
genera identified from mammalian gut and oral microbiomes
(LaBach and White, 1969; Ogawa et al., 2010; Kato et al., 1995;
Nichols et al, 2004). Studies within the Bacteroidetes have
established the role of ceramides in mediating prostaglandin
secretion in oral fibroblasts (Nichols et al., 2004) and signaling
functions for survival in mammalian intestines (An et al., 2011).
Sphingolipid producing members of the Bacteroidetes phylum are
also found in soil ecosystems (e.g., Sphingobacterium), but the
physiology of these organisms is understudied.

The IPL profiles from S. usitatus generated for this study
demonstrate that the production of PE ceramides in this
organism responds to shifting temperature, oxygen, pH, and
While multiple varieties of PE
ceramides were detected in S. wusitatus, PE-Cer m/z 635 was the

phosphate concentrations.
dominant species and was at least one order of magnitude higher
intensity than other PE ceramides regardless of culturing condition.
For this reason, trends observed in PE-Cer m/z 635 can be
generalized to overall ceramide production at any given culturing
condition irrespective of trends observed within the individual
minor PE ceramide species.
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PE ceramide chromatography and counts per mg biomass distributions from biological triplicates of S. usitatus. Extracted ion chromatograms (EICs)

of PE ceramides (left) shown with retention times (minutes, x-axis) and signal intensities (y-axis, note that intensity scales vary between chromatograms).
EIC values are the same as m/z value listed for each PE ceramide. Amounts (right) calculated for each PE ceramide across various culturing conditions.
Note that the y-axis scale (counts per mg biomass) is constant for each PE ceramide and the values for PE-Cer m/z 635 all exceed the upper scale

limit (see Fig, 6 for PE-Cer m/z 635 amounts) All temperature experiments were conducted at 21% O, and pH 5.5. Both pH experiments were conducted
at 21% O, and 25°C. All oxygen experiments were conducted at pH 5.5 and 25°C. PE-cers abundances (other than m/z 635) were too low for quantification

in the phosphate experiments.

The highest production of PE-Cer m/z 635 across all tested
conditions was at 30°C, pH 5.5, 21% O,, grown in the base medium.
At the same pH, O,, and media conditions, PE-Cer m/z 635 production
positively correlated with increasing culturing temperatures. Efforts to
culture S. usitatus below 15°C and above 30°C resulted in little or zero cell
growth, suggesting that the observed temperature trend applies across
the growth range of this strain and that increased production of
ceramides is a temperature adaptation mechanism. Evidence of
bacterial ceramide production in response to elevated temperature
stress has previously been reported for the acetic acid bacterium
Acetobacter malorum and C. crescentus (Ogawa et al, 2010; Olea-
Ozuna et al,, 2021). The same study of A. malorum by Ogawa et al.,
2010 also identified low pH stress as a trigger for ceramide production.
Although only two pH conditions were tested in this study, a decrease in
the production of PE-Cer m/z 635 was found when culturing pH was
increased. Further pH conditions would need to be assessed to confirm a
trend in ceramide production for S. usitatus, but the present results
suggest higher production of ceramides at lower pH values.

While some culturing variables in this study have more than
two experiments from which a trend can be extrapolated, it is
important to note that physiological implications derived from
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trends in absolute abundances (e.g., counts/mg biomass) can have
limitations. If a given culturing variable increases the production of
other cellular components (thus increasing the biomass yield)
while ceramide production remains constant, the resultant
trend in abundance could be misinterpreted as a decrease in
ceramide the cellular
remaining constant. Taking this limitation into consideration is

production  despite concentration
particularly important when considering results from the oxygen
limited cultures of S. usitatus. Cellular clumping and an excess of
extracellular materials is often observed in liquid cultures of S.
usitatus grown at suboxic conditions. These observations suggest
that additional cellular components, not observed in the fully
oxygenated cultures of S. usitatus, could be contributing to the
amount of biomass generated in the suboxic experiments. Thus,
the reported decrease in counts/mg biomass of PE-Cer m/z 635 at
10% and 5% O, may be reflective of the increase in cellular
components other than ceramides rather than a physiological
shift in ceramide production.

Interestingly, the lowest production of PE-Cer m/z 635 was
observed for the culturing experiment that was given excess
phosphate. Phosphate starvation was previously found to trigger
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the production of a novel glycosphingolipid in C. crescentus, which
was attributed to a lack of available phosphate for the biosynthesis of
phospho-glycerol or sphingolipids (Stankeviciute et al., 2019). Data
from S. usitatus suggests that a reduction in phosphate availability
correlates to an increase in the production of PE ceramides.
However, neither of the experimental phosphate conditions
under which S. usitatus was grown for this study would be
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considered phosphate-limited for this organism, suggesting that
the availability of phosphate for the biosynthesis of phospholipids
is not an important factor in this instance. While the mechanism
underpinning the decrease in PE ceramides at 10 mM phosphate
remains unclear, it should be noted that this concentration of
phosphate represents a bioavailable phosphorus quantity that is
not representative of most soils.
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4.3 Bacterial sphingolipids in soils

Ceramides and other sphingolipid derivatives are commonly
reported in soil lipidomes. The provenance of these soil-derived
ceramides is often attributed to eukaryotic members of soil
ecosystems without the consideration of bacterial inputs. The
significance of whether this assumption is accurate depends in
part on the absolute amount of soil sphingolipids derived from
bacterial producers relative to eukaryotic producers. Although the
proportion of total soil ceramides produced from bacterial sources
cannot be assessed by the methods employed in this study, the
findings presented here suggest that the Acidobacteria are an
understudied source of soil sphingolipids. Genomic analyses of
the Acidobacteria found that five different classes of the phylum
(and 118 unclassified members) have the genetic potential for
ceramide biosynthesis. Acidobacteria are the third most abundant
bacterial phylum in global soils, further underscoring the
importance of their contributions to global soil lipidomes
(Delgado-Baquerizo et al., 2018).

While the Acidobacteria are a major component of soils, other
bacterial phyla undoubtedly have the potential to contribute to soil
sphingolipid pools. The phylum Bacteroidetes contains multiple
sphingolipid producing genera, and though many of these genera
are not associated with soils, the genus Sphingobacterium is
predominantly found in and isolated from soils. Indeed,
phylogenetic analyses identified the class containing the genus
Sphingobacterium as possessing members with homologs for all
three
(Stankeviciute et al., 2022). These same analyses also identified

essential  bacterial ceramide  biosynthesis  genes

a class of Acidobacteria, providing the first genomic evidence

suggesting that Acidobacteria can produce ceramides. In
addition to these recent biosynthetic insights, evidence
suggesting the occurrence of ceramides in the phylum

Acidobacteria was reported in a recent study investigating shifts
in the environmental lipidomes of grassland soils during wetting
and drying cycles (Couvillion et al., 2023). In this study, a close
association was found between increases in cluster amplicon
the
occurrence of sphingolipids in dry soils. Without previous

sequence variants of Acidobacteria and increased
evidence of ceramide biosynthesis in Acidobacteria, Couvillion
et al. discussed the underexplored potential of bacterial ceramide
production and caution against the assumption that soil
sphingolipids are eukaryotic biomarkers.

The distribution of bCerS within available genomes of the
Acidobacteria provides compelling evidence for their contribution
to soil ceramide pools, but is limited in terms of predicting the extent
of these contributions in the environment. To address this
disconnect from environmental data, the distribution of bCerS in
soil metagenomes was surveyed. Of the over 16,000 bCerS sequences
recovered from the environmental metagenomes, nearly one-fifth
(n=2,963, 17.9%) of these sequences were grouped to Acidobacterial
bCerS gene clades. When these environmental bCerS sequences are
grouped by their source environment, the proportion of
Acidobacterial biosynthetic potential in the surveyed soil
subtypes can be assessed. Only 4% of the bCerS sequences from
grassland soils clustered with Acidobacteria, whereas 16.5% and
23.6% of the sequences for tundra and peat, respectively, clustered

within Acidobacterial bCerS gene clades. This suggests that while
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Acidobacteria may not be significant drivers of bacterial
sphingolipid production in grassland soils, they represent nearly
a quarter of the genetic potential for bacterial ceramide biosynthesis
in peats.

5 Conclusion

This study combines some of the first insights into the
physiological role of ceramides in a cultured soil bacterium with
a more broad investigation of how the phylum Acidobacteria may
influence environmental sphingolipid pools. Additional physiology-
based studies of Acidobacterial sphingolipid producers should be
conducted to further constrain the role of ceramides in
Acidobacteria and thus their subsequent role in soil ecosystems.
Although the culturing results presented here come from only one
member of the phylum, 84% of the environmental peat bCerS
sequences associated with Acidobacteria were found in the same
clade as the bCerS gene from S. wusitatus. This suggests that
investigations of ceramide biosynthesis and physiology in S.
usitatus may be particularly relevant for understanding bacterial
sphingolipid dynamics in peat soil environments.
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