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Demosponge steroid biomarker
26-methylstigmastane provides evidence for
Neoproterozoic animals

J. Alex Zumberge', Gordon D.Love ®'*, Paco Cardenas ©?2, Erik A. Sperling?, Sunithi Gunasekera?,
Megan Rohrssen*, Emmanuelle Grosjean®, JohnP. Grotzinger® and Roger E. Summons’

Sterane biomarkers preserved in ancient sedimentary rocks hold promise for tracking the diversification and ecological expan-
sion of eukaryotes. The earliest proposed animal biomarkers from demosponges (Demospongiae) are recorded in a sequence
around 100 Myr long of Neoproterozoic-Cambrian marine sedimentary strata from the Huqf Supergroup, South Oman Salt
Basin. This C;, sterane biomarker, informally known as 24-isopropylcholestane (24-ipc), possesses the same carbon skeleton
as sterols found in some modern-day demosponges. However, this evidence is controversial because 24-ipc is not exclusive to
demosponges since 24-ipc sterols are found in trace amounts in some pelagophyte algae. Here, we report a new fossil sterane
biomarker that co-occurs with 24-ipc in a suite of late Neoproterozoic-Cambrian sedimentary rocks and oils, which possesses
a rare hydrocarbon skeleton that is uniquely found within extant demosponge taxa. This sterane is informally designated as
26-methylstigmastane (26-mes), reflecting the very unusual methylation at the terminus of the steroid side chain. It is the first
animal-specific sterane marker detected in the geological record that can be unambiguously linked to precursor sterols only
reported from extant demosponges. These new findings strongly suggest that demosponges, and hence multicellular animals,

were prominent in some late Neoproterozoic marine environments at least extending back to the Cryogenian period.

mals constitutes one of the most intriguing and enigmatic
events in the evolutionary history of life, largely due to the
absence of unambiguous physical fossils for the earliest fauna.
The Neoproterozoic rise of eukaryotes', including demosponges?,
in marine environments can be discerned from lipid biomarker
records preserved in ancient sedimentary rocks that have experi-
enced a mild thermal history. Molecular phylogenies commonly
show that sponges (Porifera) are the sister group of other animals’
and molecular evidence for Neoproterozoic animal life was first pro-
posed based on the occurrence of unusual C,, demosponge-derived
steranes informally known as 24-isopropylcholestane (24-ipc) ster-
anes in sedimentary rocks and oils of that age®*. These steranes are
the hydrocarbon remains of 24-isopropylcholesterols and structur-
ally related sterols’. The record of 24-ipc steranes commences in
Cryogenian-aged sediments in South Oman (around 717-635 mil-
lion years ago (Ma)**) and then occurs continuously through the
Ediacaran-Cambrian formations of the Hugqf Supergroup of the
South Oman Salt Basin. Notably, these steroids also occur as cova-
lently bound constituents fixed within the immobile kerogen phase
of the same rocks, which is an important confirmation that these are
not younger contaminant compounds that migrated into the rocks’.
Demosponges are the only known extant taxon that can bio-
synthesize 24-ipc precursors as their major sterols. High relative
absolute abundances of 24-ipc steranes have now been reported in
many other late Neoproterozoic-early Cambrian rocks and oils>*"~’.
These 24-ipc occurrences—if interpreted correctly—reflect an early

| he transition from unicellular protists to multicellular ani-

presence of Porifera and provide a conservative minimum time esti-
mate for the origin of animal multicellularity and the sponge body
plan. Others have hypothesized that the 24-ipc steranes could be
derived from unicellular animal ancestors or have an algal origin'’
since the parent sterols have been reported in trace amounts in
some extant pelagophyte algae”. The claim that poribacterial sponge
symbionts from the candidate phylum Poribacteria can make 24-ipc
steroids'' has since been shown to be erroneous due to a genome
assembly error'>".

Currently, two chromatographically resolvable series of ancient
C,, steranes are known: 24-n-propylcholestane (24-npc) and 24-ipc.
Demosponges are the most plausible Neoproterozoic-Cambrian
source of 24-npc as well as 24-ipc because both are produced by
extant demosponges’. Foraminifera are another possible source of
24-npc'. Pelagophyte algae probably account for the 24-npc ster-
anes that are found in Devonian and younger marine sediments and
their derived oils*. Various recent findings support a pre-Ediacaran
origin of animals and sponges, and arguably reinforce the validity
of the 24-ipc biomarker record, including: (1) steroid assays and
genomic analyses of extant taxa'®, which suggest that sponges were
the most likely Neoproterozoic source biota for 24-ipc steranes;
and (2) nuclear and mitochondrial gene molecular clock studies,
which consistently support a pre-Ediacaran origin of animals and
Neoproterozoic demosponges'>~'. The discovery of other sponge
biomarkers to augment the 24-ipc sterane record would greatly
strengthen evidence for the presence of animals before the appear-
ance of the Ediacara fauna, since the efficacy of the standalone
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24-ipc sterane record for tracking early demosponges has been
contested'®'2.

Results and discussion

Here, we report the presence of a new C,, sterane designated
26-methylstigmastane (26-mes) in a suite of Neoproterozoic-
Cambrian rocks and oils (Fig. 1 and Supplementary Tables 1-3).
Furthermore, we attribute this biomarker to demosponges since
these are the only known organisms among extant taxa to pro-
duce sterols with the same carbon skeleton (Supplementary
Information). The abundance of 26-mes sterane biomarkers is of
comparable magnitude to 24-ipc and 24-npc (Fig. 1), although the
relative proportions of the three main C,, sterane compounds can
vary from sample to sample (Fig. 1 and Supplementary Tables 1
and 2). Summed C,, steranes are typically 1-4% of the total C,,_,,
sterane signal in South Oman rocks, although higher contents
>5% can also be found. Our analyses confirm the presence of
26-mes along with 24-ipc steranes in the Neoproterozoic-Cambrian
rock extracts and kerogen pyrolysates from South Oman reported
previously*®, as well in Ediacaran-Cambrian-sourced oils from
Eastern Siberia’ and India’, for which representative samples are
shown in Fig. 1 (see also Supplementary Table 3). When 26-mes
is detectable in Cryogenian to Cambrian age rocks and oils, it is
found alongside both the 24-ipc and 24-npc sterane compounds.
These three different sterane series constitute only a small subset
of all the structural possibilities for C,, sterane compounds, which
are feasible from adding three additional carbons to a cholestane
side chain, and they correspond with three of the most commonly
occurring sterane skeletons for C,, sterols found in extant demo-
sponges (Fig. 1 and Supplementary Tables 4 and 5). In contrast,
26-mes abundance is typically lower or absent for the small suite
of Phanerozoic oils and rocks analysed thus far but can be detected,
along with 24-ipc and 24-npc, in some samples but not in the pro-
cedural blanks (Supplementary Table 3).

To unequivocally confirm the assignment of the newly identi-
fied ancient sterane series as 26-mes, we compared the C,, ster-
ane distributions of Neoproterozoic rocks and oils with sterane
products derived from steroids of modern sponges compris-
ing demosponges, hexactinellids, homoscleromorphs and cal-
cisponges (Supplementary Tables 4 and 5). We applied catalytic
hydropyrolysis (HyPy)—a mild reductive technique employing
high-pressure hydrogen—to transform sterols from sponge bio-
mass into steranes with minimal structural and stereochemi-
cal disturbance'. Only three compatible parent C,, sterols, with
an identical side chain skeleton to 26-mes, are currently known
in extant taxa (Fig. 2), and these were the probable precursors
to the sedimentary 26-mes described above (Supplementary
Information). Rhabdastrella globostellata was used as a model
sponge species for initial investigations since its sterols have
been previously well characterized””*' and it contains stelliferas-
terol as the major C,, sterol constituent, which was verified for
our specimens (Supplementary Fig. 1). We generated a simple
C,, sterane distribution as expected from the HyPy conversion of
the R. globostellata sterols, dominated by 26-mes stereoisomers
(Supplementary Fig. 2), and these products were used as a ster-
ane standard to unequivocally test for presence or absence of the
26-mes biomarker in modern and ancient samples (Fig. 1). The
identification of the fossil 26-mes sterane series was verified by
observing co-elution of the 5a,14a,17x(H)-20R stereoisomer with
the same isomer produced from R. globostellata and other extant
demosponges (Fig. 1). This co-elution was further confirmed
using two different gas chromatography-mass spectrometry (GC-
MS) techniques in two different laboratories using different gas
chromatography column stationary phases (see Methods).

To better constrain the taxonomic distribution of 26-mes, we
supplemented literature reports with targeted analyses of extant
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Fig. 1| MRM-GC-MS ion chromatograms of C,, sterane distributions
(414 — 217 Da ion transitions). a, Results from Neoproterozoic-
Cambrian rock bitumens and oils. b, HyPy products from the cells of
three modern demosponges (see Supplementary Table 4 for taxonomic
assignments). Ancient samples, having undergone protracted burial
and alteration, exhibit a more complex distribution of diastereoisomers
compared with modern sponge biomass. Four regular sterane
diastereoisomers can be found in ancient samples of oil window-
maturity (aoaS, afpR, afpS and aaaR), while two diastereoisomers
(PaaR and acaR) result from laboratory hydrogenation of individual
A5-sterols in modern sponge biomass. The signal peak for the

aaaS geoisomer of 26-mes often co-elutes with other C,, steranes,

so this isomer peak is usually obscured in chromatograms. Direct
correlation with modern sponges uses the aaaR isomer, as shown

by the dashed lines. The apf isomers show expected enhancement

of the signal in 414 — 218 Da ion chromatograms relative to aaa
stereoisomers (not shown here). Examples from the Proterozoic rock
record show three distinct resolvable sterane series co-occurring
(24-npc, 24-ipc and 26-mes). The rock from Ghadir Manquil
Formation, South Oman, was deposited during the Cryogenian period
(probably around 660-635 Ma) and is the oldest example in the rock
record known with 24-ipc and 26-mes co-occurring. The 26-mes
sterane biomarker was detected in significant amounts in the South
Oman rock extracts and kerogen pyrolysates reported previously?
(Supplementary Tables 1 and 2). The oil from the Usol'ye Formation,
Eastern Siberia, is probably Ediacaran to Early Cambrian in source
age’, as is the Baghewala-1 oil from India’. An ‘0o’ symbol represents
24-npc, a plus 24-ipc and an asterisk 26-mes. Thymo, thymosiosterane
(24,26,26'-trimethylcholestane).
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Fig. 2 | Chemical structures of stelliferasterol, isostelliferasterol and
strongylosterol. These are the three known natural sterol precursors of

the 26-mes sterane biomarker?92'2>2940 They are found only in certain
demosponges, but not detected in other groups of eukaryotes. Note:

(1) the methyl-substituent at the terminal position of the sterol side chain,
which remains preserved at C-26 in 26-mes; and (2) the unusual double
bond positions in the side chains of stelliferasterol and strongylosterol. The
biological configuration is 20R for all three sterols, 24R for strongylosterol
and stelliferasterol, and 25S for isostelliferasterol. Three stereogenic carbon
atoms exist in the side chain of 26-mes (chirality at C-20, C-24 and C-25),
but only C-20 stereoisomers give separate compound peaks, producing up
to four regular stereoisomers of 26-mes (aaaS, afpR, appS and aaaR) in
ancient rocks and oils, as has also been found for other sterane compounds.

sponges using HyPy to directly convert sterols into steranes
(Supplementary Table 5). Species of Rhabdastrella and Geodia
both produced appreciable amounts of 26-mes after the reduc-
tive conversion of sterols to steranes via HyPy treatment (1-9% of
total C,,_,, steranes; Supplementary Table 5). Apart from Geodia
hentscheli, which only makes conventional sterols for which side
chain alkylation is restricted to the C-24 position, 26-mes was the
predominant C,, sterane product in our Rhabdastrella and Geodia
specimens. Molecular phylogenetic results indicate that these spe-
cies are closely related within Geodiidae (order Tetractinellida).
Additionally, we also detected trace amounts of 26-mes steranes
along with 24-ipc and 24-npc in four species of Aplysina and
Verongula (order Verongiida) and one species of Cymbaxinella
(order Agelasida) (Supplementary Table 5). No 26-mes precur-
sors were detected in a Jaspis species, where stelliferasterol and
isostelliferasterol were supposedly originally discovered®'.
This is consistent with the belief that the original Great Barrier
Reef ‘Jaspis stellifera’ specimens were misidentified and were in
fact R. globostellata?®. Our HyPy results for three specimens of
R. globostellata confirmed that 26-mes sterol precursors were
present, as well as in two other Rhabdastrella species. Other than
the Geodiidae, another known major source of 26-mes steroids
is Petrosia (Strongylophora) cf. durissima® (order Haplosclerida),
which can synthesize strongylosterol (Fig. 2) as its dominant sin-
gle sterol. As not all demosponges make 26-mes, Geodiidae and
P (S.) cf. durissima may have retained the ancestral capacity to
make terminally methylated C,, steroids as major membrane lipids,
which has been lost in other demosponge groups.

Our new findings of 26-mes production in Geodia, Rhabdastrella,
Aplysina (aspiculate), Verongula (aspiculate) and Cymbaxinella spe-
cies suggest that a wider range of demosponge groups might pos-
sibly make 26-mes, as well as other terminally methylated steroids,
but have not yet been identified. These demosponge species and
others can make various unusual C,y and C,, sterols with terminal
methylation in the side chain (Supplementary Information). For
example, Thymosiopsis conglomerans (order Chondrillida) makes
a distinctive C,, sterol®, yielding a different sterane skeleton that
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has not been detected in the ancient record (Fig. 1). The finding of
this extra terminal carbon atom in a variety of sterols from diverse
extant demosponges suggests that the capability for 26-methylated
sterol side chains probably has a deep origin within the clade. In the
case of both 24-ipc’ and 26-mes, the ability to make these sterols
is phylogenetically widespread within demosponges. Notably, the
known extant demosponge species that contain 26-mes as the dom-
inant hydrocarbon core of their C,, steroids are different from those
that make 24-ipc as major steroids. Specifically, the demosponge
family Halichondriidae (Ciocalypta (previously Collocalypta),
Halichondria and Epipolasis) and the genus Topsentia make 24-ipc
among their most abundant sterols'> while 24-ipc constitutes >99%
of sterols in Cymbastela coralliophila (Pseudoaxynissa species in the
original publication) from the family Axinellidae’.

From a comprehensive database of steroid assays performed
on extant organisms from decades of lipid research, alongside our
targeted assays here, 26-mes precursor sterols are found only in
certain demosponges**"* but—to our knowledge—have never
been reported from any other group of eukaryotes (Supplementary
Information). This evidence of absence applies to diverse groups
of algae'”***, hexactinellid sponges (ref. ¥’ and this study) cal-
cisponges (refs >** and this study) homoscleromorphs (this study)
and unicellular animal outgroups". Indeed, only steroids possess-
ing conventional side chains (with methyl, ethyl or propyl groups
or a hydrogen substituent at C-24) have been reported for other
sponge classes, heterotrophic protists and these unicellular ani-
mal outgroups'>'**%, but not steroids with unconventional side
chains of any variety. Thus, the finding of 26-mes, together with
the 24-ipc steranes in Neoproterozoic rocks and oils, is most par-
simoniously explained by an origin from demosponges living in
marine settings.

In terms of possible older occurrences of sponge biomark-
ers, robust evidence for steranes has been reported in some 800-
700 Myr Neoproterozoic rocks** from the Chuar Group (USA)
and Visingsé Group (Sweden). These rocks contain an unusual C,,
sterane, 26-methylcholestane, informally designated as cryostane
(Fig. 3), which has been proposed as a possible ancient sponge or
unicellular stem metazoan marker”. Cryostane is also characterized
by the unusual terminal side chain methylation at C-26, making it
a structural analogue of 26-mes and adding credence to the case
for cryostane being a plausible ancient sponge biomarker. However,
plausible precursor sterols for cryostane have not yet been found
in any extant organisms, despite the discovery of a wide variety of
other unconventional steroid structures in modern sponges. The
Chuar and Visingso Group rocks, like all pre-Sturtian-aged samples
reported so far, are devoid of 24-ipc, 24-npc and 26-mes steranes.
Thus, cryostane cannot currently be applied as a robust animal bio-
marker until more is known about its biological origins and whether
the biosynthetic capacity to make unconventional 26-methylated
steroids (Fig. 4) is restricted to demosponges or otherwise. The ori-
gins of cryostane are intriguing and a bridging of the cryostane and
26-mes/24-ipc records may signify a continuity of sponge markers
persisting through the two Neoproterozoic glaciation events (Fig. 3),
but this requires further investigation.

Conclusions

The co-occurrence of 24-ipc and 26-mes steranes constitutes
the earliest robust biomarker evidence for Neoproterozoic ani-
mals, first detected in the Cryogenian period before the deposi-
tion of the Marinoan cap carbonate (>635Ma), but following the
Sturtian glaciation (beginning at <717 Ma and terminating around
660 Ma)*°. This suggests that demosponges first achieved ecologi-
cal prominence in Neoproterozoic marine paleoenvironments,
at least between 660 and 635Ma, which is consistent with recent
molecular clock predictions for their first appearance'*~'%. This view
from molecular clocks and biomarkers remains to be reconciled
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Fig. 3 | A revised Neoproterozoic-Cambrian timeline showing co-
occurrences of 26-mes and 24-ipc sterane biomarkers. The South Oman
record commences in the Cryogenian period (>635 Ma) after the Sturtian
glaciation (terminating at around 660 Ma®) and continues throughout

the Ediacaran period into the Early Cambrian for Hugf Supergroup rocks
(Supplementary Tables 1-2). Other Ediacaran oils also contain the Cs,
steranes series (Supplementary Table 3), but some Ediacaran rocks are
devoid of the C,, sterane series, although they contain predominantly
algal steranes with a C,, dominance®’. The distribution and abundance
patterns of the C;, sterane 26-mes have yet to be fully established for the
Phanerozoic rock record; however, it can be detected in some Phanerozoic
rocks and oils (see Supplementary Table 3). Cryostane is a potentially older
biomarker for sponges or unicellular protists, and it has been detected in
pre-Sturtian rocks in the 800-717 Myr age range?® but not in older samples.
Cryostane is a C,4 sterane analogue of 26-mes, but corresponding sterol
precursors for cryostane have never been reported from any extant taxa
despite the identification of 26-mes demosponge sterols many decades
ago?%21233839 ‘M signifies the Marinoan glaciation; cryostane temporal
range is represented by red shading although possible ocurrences in
younger rocks and oils require further investigation; 26-mes and 24-ipc
range is represented by the black bar.

with the fossil spicule record, which suggests a later (Cambrian)
origin’'. Future sampling of modern taxa may reveal other sources
of 26-mes steroids (see Supplementary Information), but multiple
possibilities for taphonomic mega-bias of early sponge body fossils
have been identified (see ref. ** and the references therein), perhaps
related to sparse biomineralization and/or silica dissolution and
reprecipitation in low-oxygen marine conditions®, despite over-
all higher Proterozoic oceanic silica levels. The records could also
be reconciled if demosponge spicules evolved convergently in the
Cambrian or if aspiculate demosponges were dominant producers
of Neoproterozoic 26-mes and 24-ipc.

All available current data indicate that 26-mes steranes are made
by diverse species of modern demosponges, and apparently not
by any other sponge class (Hexactinellida, Homoscleromorpha or
Calcarea) or other extant eukaryote, implying that Neoproterozoic
total-group demosponges were the most probable source biota for
these biomarkers. As demosponges are derived within Porifera,
these data consequently predict the presence of sponges at this
time irrespective of whether sponges® or ctenophores™ are the sister
group of all other animals. Thus, this new Neoproterozoic steroid
biomarker evidence for demosponges provides a conservative mini-
mum time estimate for the origin of animal multicellularity and the
sponge body plan involving feeding with a water canal system.

Methods

Catalytic HyPy of sponge biomass. Continuous-fl w HyPy experiments were
performed on 30-150 mg of catalyst-loaded sponge biomass at the University

of California, Riverside (UCR) as described previously>. Freeze-dried sponge
biomass was initially impregnated with an aqueous methanol solution of
ammonium dioxydithiomolybdate ((NH,),M00,S,) to give a nominal loading of
3-10wt% catalyst. Ammonium dioxydithiomolybdate reductively decomposes
in situ under HyPy conditions above 250 °C to form a catalytically active
molybdenum sulfide (  0S,) phase.

The catalyst-loaded samples were heated in a stainless-steel (316 grade)
reactor tube from ambient temperature to 250 °C at 100 °C min~", then to 460°C at
8°Cmin~'. A hydrogen sweep gas flow rate of 6 dm® min~!, measured at ambient
temperature and pressure, through the reactor bed ensured that the residence
times of volatiles generated were of the order of only a few seconds. Products were

Conventional Unconventional Unsaturated

®

22 24 26
20 23 25

27

Fig. 4 | Chemical structures for a selection of conventional,
unconventional and unsaturated sterols found in modern eukaryotic taxa.
Chemical structures numbered 1-15 (top) represent possible variations

of the part of the structure labelled ‘R’ in structures A-C (bottom).
Conventional sterols show side chain alkylation of the C,, cholestane

core skeleton restricted to the C-24 position, while all examples of
unconventional sterols shown here have extended side chains arising from
terminal methylation at C-26 and/or C-27. Note that the tetracyclic core
and/or side chain of sterols may or may not contain an alkene bond, and
when alkene bonds are present these sterols are known as unsaturated
compounds. In this scheme, cholesterol is compound B1, stelliferasterol

is B13, isostelliferasterol is B14 and strongylosterol is B15. The dominant
ancient fossil form is sterane (A), with alcohol and alkene bonds removed
by chemical reduction.

collected on a silica gel trap cooled with dry ice and recovered for subsequent
fractionation using silica gel adsorption chromatography.

HyPy products (hydropyrolysates) of sponge biomass were separated by
silica gel adsorption chromatography into aliphatic (alkane + alkene), aromatic
and polar (or nitrogen, sulfur or oxygen) compounds by elution with n-hexane,
n-hexane:dichloromethane (DCM) (1:1 v/v) and DCM:methanol (3:1v/v),
respectively. For hydropyrolysates, solvent-extracted activated copper turnings
were added to concentrated solutions of aliphatic hydrocarbon fractions to remove
all traces of elemental sulfur, which is formed from disproportionation of the
catalyst during HyPy. Aliphatic fractions were further purified to a saturated
hydrocarbon fraction by the removal of any unsaturated products (alkenes) via
silver nitrate-impregnated silica gel adsorption chromatography and elution with
n-hexane.

Lipid biomarker analysis of ancient rocks/oils. Detailed methods for the
extraction and analysis of sedimentary rocks and oils at UCR were described
previously””~” and data are shown in Supplementary Table 3. Rock pieces were
first trimmed with a water-cooled rock saw to remove outer weathered surfaces
(of at least a few mm thickness) and expose a solid inner portion. They were then
sonicated in a sequence of ultrapure water, methanol, DCM and hexane before a
final rinse with DCM before powdering and bitumen extraction. Rock fragments
were powdered in a zirconia ceramic puck mill in a SPEX 8515 shatterbox,
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and cleaned between samples by powdering two batches of fired sand (850°C
overnight) and rinsing with the above series of solvents. Typically, 5g of crushed
rock was extracted in a CEM Microwave Accelerated Reaction System at 100°C in
a DCM:methanol (9:1 v/v) mixture for 15min. Full laboratory procedural blanks
with combusted sand were performed in parallel with each batch of rocks to ensure
that any background signals were negligible compared with biomarker analyte
abundances found in the rocks (typically by at least three orders of magnitude).
Saturated hydrocarbon and aromatic fractions for rock bitumens and oils were
obtained by silica gel column chromatography; the saturate fractions were eluted
with hexane and the aromatic fractions with DCM:hexane (1:1v/v).

The procedures for ancient biomarker analyses from sedimentary rocks
from the Hugf Supergroup of the South Oman Salt Basin performed at the
Massachusetts Institute of Technology (results reported in Supplementary Tables 1
and 2) were similar to those described above for UCR protocols, including multiple
reaction monitoring (MRM)-GC-MS methods (see below), which have been
described in detail previously**. Analytical errors for absolute yields of individual
hopanes and steranes are estimated at +30%. Average uncertainties in hopane
and sterane biomarker ratios are +8%, as calculated from multiple analyses of a
saturated hydrocarbon fraction from Australian Geological Survey Organisation
(AGSO) and GeoMark Research standard oils (#=30). Full procedural blanks with
combusted sand were run in parallel with each batch of samples to quantify any
low background signal. Supplementary Tables 1 and 2 contain original data from
Love et al.?, but now also with 26-mes sterane data added. The yields and ratios
verify that significant abundances of 26-mes were detected in all of these samples at
a similar order of magnitude abundance to those of 24-ipc steranes.

Sterane analysis using MRM-GC-MS. Saturated hydrocarbon fractions from
ancient rocks and oils, as wells as from modern sponge HyPy pyrolysates, were
analysed by MRM-GC-MS conducted at UCR on a Waters Autospec Premier
mass spectrometer equipped with an Agilent 7890A gas chromatograph and DB-
1MS coated capillary column (60 m X 0.25 mm, 0.25 pm film) using helium as
the carrier gas. Typically, 1 pl of a hydrocarbon fraction dissolved in hexane was
injected onto the gas chromatography column in splitless injection mode. The gas
chromatography temperature programme consisted of an initial hold at 60 °C for
2 min, heating to 150°C at 10°Cmin~" followed by heating to 320°C at 3°Cmin~},
and a final hold for 22 min. Analyses were performed via splitless injection in
electron impact mode, with an ionization energy of 70eV and an accelerating
voltage of 8kV. MRM transitions for C,,-C;; hopanes, C,,—C,, methylhopanes,
C,-C,, and C,-C,, steranes, C;, methylsteranes and C,,—C, tricyclic terpanes
were monitored. Procedural blanks with pre-combusted sand yielded less than
0.1ng of individual hopane and sterane isomers per gram of combusted sand”’.
Polycyclic biomarker alkanes (tricyclic terpanes, hopanes, steranes and so on)
were quantified by the addition of a deuterated C,, sterane standard (d,-otocx
—24-ethylcholestane (20R)) to saturated hydrocarbon fractions and comparison
of the relative peak areas. In MRM analyses, this standard compound was
detected using 404 — 221 Da ion transition. Cross-talk of the non-sterane signal
in 414 — 217 Da ion chromatograms from C,, and C,, hopanes was <0.2% of the
412 — 191 Da hopane signal (mainly 17a,21p(H)-hopane, which is resolvable from
C,, steranes) and <1% of the 426 — 191 Da signal, respectively™.

Peak identifications of sponge steranes were confirmed by comparing
the retention times with an AGSO oil saturated hydrocarbon standard and
Neoproterozoic oils from Eastern Siberia*’ and India’, which were reported
previously to contain significant quantities of 24-ipc and which we have now
demonstrated contain significant quantities of 26-mes (Supplementary Table 3).
Polycyclic biomarkers were quantified assuming equal-mass spectral response
factors between analytes and the d,-C,,-a0x-24-ethylcholestane (20R) internal
standard. Analytical errors for absolute yields of individual hopanes and steranes are
estimated at +£30%. Average uncertainties in hopane and sterane biomarker ratios
are +8%, as calculated from multiple analyses of a saturated hydrocarbon fraction
prepared from AGSO and GeoMark Research standard oils (n=30 MRM analyses).

Sterane analysis by gas chromatography triple quadrupole mass spectrometry
(GC-QQQ-MS). To confirm the presence of the new 26-mes peak and investigate
the retention time of the analyte peaks compared with other C,, steranes (24-npc
and 24-ipc), the saturated hydrocarbon fractions from sponge HyPy products

and oils from Eastern Siberia and India (Supplementary Table 3) were run on a
different instrument employing a different gas chromatography column from that
used in the MRM-GC-MS instrument at UCR. GC-QQQ-MS was performed at
GeoMark Research (Houston, Texas) on an Agilent 7000A Triple Quad interfaced
with an Agilent 7890A gas chromatograph equipped with a J&W Scientific
capillary column (DB-5MS+DG: 60 m X 0.25mm i.d., 0.25 pm film thickness, 10m
guard column). Using helium as the carrier gas, the flow was programmed from 1.2
to 3.2mlmin~". The gas chromatography oven was programmed from 40 °C (2min)
to 325°C (25.75min) at 4°Cmin~". Saturated hydrocarbon fractions were spiked
with a mixture of seven internal standards (Chiron Routine Biomarker Internal
Standard Cocktail 1). Samples were concentrated without being taken to dryness
and were injected in cold splitless mode at 45 °C with the injector temperature
ramped at 700 °Cmin~" to 300 °C. The mass spectrometry source was operated in
electron ionization mode at 300 °C with ionization energy at —70eV. A number
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of molecular ion to fragment transitions were monitored throughout the run; the
dwell time was adjusted as needed to produce 3.5 cycless™. Exact chromatographic
co-elution (with identical retention time in the C,, sterane analytical window) of
the aoaR diastereoisomer of 26-mes sterane in our ancient oils with the equivalent
peak from the modern sponges was demonstrated in 414 — 217 Da ion transitions
(the parent molecular mass to daughter fragment ion transition for regular
(4-desmethyl) C,, sterane compounds).

Extraction and analysis of sterols in modern sponge cells. A total of 18 modern
sponge samples were acquired for solvent extraction to monitor their free sterol
contents (as trimethylsilyl ethers). Sponge specimens were supplied by co-authors
P.C. and E.A.S. and their colleagues, including J. Vacelet, U. Hentschel, K. Peterson,
T. Molinski, T. Pérez, H. Tore Rapp, A. Plotkin, J.-S. Hong, Y. M. Huang, S. Rohde,
S. Nichols, B. Calcinai, J. V. Lopez, G. Gatti, B. Ciperling, J.-P. Fonseca, L. Magro, F.
Azzini and A. G. Collins, and the Bedford Institute of Oceanography (Dartmouth,
Canada). Sponge biomass arrived immersed in ethanol or freeze-dried. Combined
ethanol washings for each sample were filtered to remove suspended particulates,
concentrated into a small volume and then transferred to a pre-weighed glass vial
and blown down carefully under dry N, gas. Freeze-dried sponge biomass was
extracted via sonication for 25 min in DCM:methanol (3:1v/v) to recover the total
lipid extract.

Total lipid extracts were separated into three fractions, based on polarity,
by silica gel absorption chromatography. Approximately 1-5mg of total lipid
extract was adsorbed on the top of a 10 cm silica gel pipette column and then
sequentially eluted with 1.5 column volumes of n-hexane (fraction 1), 2 column
volumes of DCM (fraction 2) and 3 column volumes of DCM:methanol (7:3 v/v)
(fraction 3). The alcohol products, including sterols, typically eluted in fraction
2, and approximately 20-50 pg of this fraction was derivatized with 10 pl of
bis(trimethylsilyl)trifluoroacetamide in 10 pl of pyridine at 70 °C for 30 min.

Alcohol fractions were then analysed by GC-MS as trimethylsilyl ethers
within 36 h of derivatization in full scan mode at UCR using GC-MS on an
Agilent 7890A gas chromatography system coupled to an Agilent 5975C inert
Mass Selective Detector mass spectrometer. Sample solutions were volatilized via
programmed-temperature vaporization injection onto a DB-1MS capillary column
(60m X 0.32mm, 0.25 pm film thickness) and helium was used as the carrier gas.
The oven temperature programme used for gas chromatography for the derivatized
alcohol fraction consisted of an initial temperature hold at 60 °C for 2 min,
followed by an increase to 150 °C at 20 °Cmin~', then a subsequent increase to
325°Cat 2°Cmin~" and a hold for 20 min. Data was analysed using ChemStation
G10701CA (Version C) software (Agilent Technologies). C,, sterol identifications
for the three 26-mes precursors (stelliferasterol (B13), isostelliferasterol (B14) and
strongylosterol (B15); see also Fig. 2) in certain Rhabdastrella and Geodia sponge
species were identified from published mass spectral features and relative retention
times??1**%_ Stelliferasterol was the dominant C,, sterol in R. globostellata
(PC922; Supplementary Figs. 1-2), while strongylosterol, stelliferasterol and
isostelliferasterol were found in Geodia parva (GplI).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its Supplementary Information files.
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