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Cyclic triterpenoids are a broad class of polycyclic lipids produced
by bacteria and eukaryotes. They are biologically relevant for their
roles in cellular physiology, including membrane structure and
function, and biochemically relevant for their exquisite enzymatic
cyclization mechanism. Cyclic triterpenoids are also geobiologically
significant as they are readily preserved in sediments and are used
as biomarkers for ancient life throughout Earth’s history. Isoarbor-
inol is one such triterpenoid whose only known biological sources
are certain angiosperms and whose diagenetic derivatives (arbor-
anes) are often used as indicators of terrestrial input into aquatic
environments. However, the occurrence of arborane biomarkers in
Permian and Triassic sediments, which predates the accepted origin
of angiosperms, suggests that microbial sources of these lipids may
also exist. In this study, we identify two isoarborinol-like lipids,
eudoraenol and adriaticol, produced by the aerobic marine hetero-
trophic bacterium Eudoraea adriatica. Phylogenetic analysis demon-
strates that the E. adriatica eudoraenol synthase is an oxidosqualene
cyclase homologous to bacterial lanosterol synthases and distinct
from plant triterpenoid synthases. Using an Escherichia coli heterol-
ogous sterol expression system, we demonstrate that substitution
of four amino acid residues in a bacterial lanosterol synthase en-
abled synthesis of pentacyclic arborinols in addition to tetracyclic
sterols. This variant provides valuable mechanistic insight into triter-
penoid synthesis and reveals diagnostic amino acid residues to dif-
ferentiate between sterol and arborinol synthases in genomic and
metagenomic datasets. Our data suggest that there may be addi-
tional bacterial arborinol producers in marine and freshwater envi-
ronments that could expand our understanding of these geologically
informative lipids.
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Cyclic triterpenoids are a broad class of lipids produced by
diverse bacteria and eukaryotes (1). The most studied of
these molecules are the tetracyclic sterols (e.g., cholesterol) and
their derivatives (e.g., steroid hormones), which are essential in
eukaryotes and play critical roles in membrane structure and in
cellular signaling (2-4). In addition to sterols, plants synthesize a
diverse array of cyclic triterpenoids that have a variety of func-
tions, including defense against pests and pathogens (5-7). A few
bacteria have been shown to produce sterols (8), however, the
most common bacterial cyclic triterpenoids are the pentacyclic
hopanoids, which are thought to function as “sterol surrogates” in
bacterial membranes (9, 10). Although the majority of interest in
cyclic triterpenoids stems from their essential physiological roles
and unique enzymatic biosynthesis (5, 7, 11), these lipids are also
significant from a geological perspective. Cyclic triterpenoids are
quite recalcitrant and, as a result, are well preserved in sedimen-
tary rocks and can serve as geological biomarkers that link or-
ganisms to environments deep in Earth’s history (12).

The interpretation of geological biomarkers is primarily based
on the occurrence of their diagenetic precursors in extant or-
ganisms and/or their prevalence in specific ecosystems (12).
However, incomplete understanding of the distribution and
function of potential biomarkers in modern systems can lead to
inconsistencies in their interpretations. For example, arborane
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biomarkers are thought to be derived from isoarborinol, an un-
usual pentacyclic triterpenol whose only known extant sources
are certain flowering plants (13-16). Thus, arborane biosignatures
are considered robust indicators of angiosperms and of terrestrial
input into marine and lacustrine environments. However, the
detection of arborane signatures in Permian and Triassic sedi-
ments (17-19), which predates the accepted first appearance of
angiosperms, as well as compound-specific '*C values that are
inconsistent with plant sources, led researchers to propose that
there were microbial sources of isoarborinol (19-21). These
sources, however, remain undiscovered.

The discovery of arborinol lipids in a microbe would also be
significant from a biochemical perspective. Cyclic triterpenoid
lipids are synthesized by cyclization of a 30-carbon acyclic iso-
prenoid substrate through a series of carbocation intermediates
in the central cavity of a terpene cyclase (class II) enzyme (11,
22). These enzymes can be distinguished based on three general
characteristics: the use of squalene or oxidosqualene as the ini-
tial substrate, the conformation of the acyclic substrate in the
more energetically favorable all-chair (CCC) versus the more
strained chair—boat—chair (CBC or B boat), and the total
number and size of the rings generated in the final product (e.g.,
tetracyclic sterols versus pentacyclic hopanoids and isoarborinol)
(5, 7, 23). Hopanoid synthases fold squalene into the CCC
conformation and generate a pentacyclic structure (11, 24),
whereas sterol synthases cyclize oxidosqualene in the CBC con-
formation and generate a tetracyclic structure (25). An arborinol
synthase represents a unique combination of these characteristics.
It is similar to a sterol cyclase in that it cyclizes oxidosqualene in
the CBC conformation (6, 7, 23) but differs in that its final product
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has the pentacyclic structure similar to a bacterial hopanoid (23).
Various hopanoid, sterol, and plant triterpenoid synthases have
been characterized, including a rice isoarborinol synthase (IAS) (6).
However, a microbial enzyme that cyclizes oxidosqualene in the
CBC conformation to an arborinol lipid has yet to be identified.
Here, we present two pentacyclic triterpenols, eudoraenol and
adriaticol, produced by the marine heterotrophic bacterium
Eudoraea adriatica (26). These molecules represent the first
arborane lipids identified outside of the plant kingdom. Further,
the E. adriatica eudoraenol synthase (EUS) is the first example
of a microbial enzyme that cyclizes an oxidosqualene precursor
in the CBC conformation to a pentacyclic triterpenol. EUS is
phylogenetically distinct from plant triterpene synthases, in-
dicating that it is not derived from the known eukaryotic IAS. To
further understand the relationship between these enzymes, we
created a bacterial lanosterol synthase (LAS) gain of function
variant with substitutions in four key amino acid residues that
synthesizes both tetracyclic and pentacyclic triterpenols. These
results together support the hypotheses that synthesis of the
arborane skeleton has likely arisen more than once within the
oxidosqualene cyclase (OSC) family and that Permian and Tri-
assic arborane biomarkers are likely from a microbial source.

Results

E. adriatica Produces Unique Triterpenols of the Arborinol Class. An
OSC homolog was previously identified in the aerobic hetero-
trophic bacterium E. adriatica (8, 27), a member of the family
Flavobacteriaceae in the phylum Bacteriodetes that was isolated
from surface waters of the Adriatic Sea (26). Our lipid analysis of
E. adriatica identified a trace amount of lanosterol along with
two potential sterol-like triterpenols whose spectra were distinct
from any that had been previously published (Fig. 1 and Fig. S1).
The two compounds, found in a 7:1 ratio, were purified by re-
versed-phase HPLC (RP-HPLC), and their structures were de-
termined using 800-MHz 'H NMR (Fig. S2 and Tables S1 and
S2). The spectra of both compounds showed six methyl singlets
and two methyl doublets typical of the hopane skeleton. Heter-
onuclear multiple bond correlation (HMBC) spectra localized
the double bonds at positions 12 and 8, indicating that these were
isomers of the fernanes neomotiol and isomotiol, respectively
(Fig. S2). Mass spectra confirmed the positions of the double
bonds with a diagnostic ion at m/z = 218 for the major A'?
compound and its derivatives, and diagnostic ions at m/z = 259,
301, and 331 for the free A® compound, its acetate, and its tri-
methylsilyl (TMS) ether, respectively (Fig. S2) (28). The stereo-
chemical configurations were determined by chemical correlation

with isoarborinol (16) and boehmerol (29), both of which arise
from CBC cyclization (7), using acid-catalyzed isomerization. The
major triterpenol isomerized to boehmerol and the minor com-
ponent was formed in the acid-catalyzed isomerization of iso-
arborinol (Fig. S2). These data demonstrate that E. adriatica is
producing two triterpenoids of the arborane class that we have
named eudoraenol and adriaticol, respectively. These are the first
new OSC products with a constitutional hopanoid skeleton to be
discovered since boehmerol was reported 30 y ago (29), as well as
the first evidence of bacterial synthesis of pentacyclic CBC tri-
terpenols derived from oxidosqualene.

E. adriatica and Plant 0SC Are Phylogenetically Distinct. Because the
phylogenetic distribution of OSC homologs in bacteria is spo-
radic, it was unclear whether the E. adriatica OSC was derived by
evolutionary diversification of a bacterial or eukaryotic OSC or
by acquisition of a plant IAS through horizontal gene transfer.
To address this, we determined the phylogenetic relationship of
over 800 terpenoid cyclase homologs obtained from the Joint
Genome Institute (JGI) genomic and metagenomic databases
using maximum likelihood analysis (30, 31). We found that the
E. adriatica cyclase does not cluster with plant triterpenoid syn-
thases and, in particular, is distinct from the rice IAS (Fig. 24).
Instead, the E. adriatica OSC branches within a distinct clade of
OSCs from three single-cell genomes of Eudoraea species iso-
lated from the North Sea as well as 16 metagenomic OSC se-
quences (Fig. 2B). The metagenomic sequences separate into
two distinct clades reflecting different ecosystems—one from
marine sources and the other from lacustrine sources. These data
indicate that eudoraenol and adriaticol may be produced in
freshwater as well as marine environments and that there could
be additional extant bacterial producers of similar triterpenoids.

E. adriatica 0SC Synthesizes Eudoraenol and Adriaticol Directly from
Oxidosqualene. Detection of a minor amount of lanosterol in
E. adriatica extracts raised the possibility that the E. adriatica OSC
does not synthesize eudoraenol and adriaticol directly. Rather, it
was conceivable that the E. adriatica OSC first synthesizes a par-
tially cyclized CBC compound, and then additional protein(s)
subsequently modify this product to generate eudoraenol and
adriaticol. Precedence for this multiple-enzyme scenario exists in
the synthesis of the pentacyclic triterpenoid tetrahymanol (32). In
this case, eukaryotes use a single cyclase to synthesize tetrahy-
manol directly from squalene, but bacteria use a two enzyme
system with the first cyclizing squalene to diploptene and the sec-
ond catalyzing a ring expansion to tetrahymanol.
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Fig. 1.

Polycyclic triterpenols detected in E. adriatica. (A) GC-MS total ion chromatogram (TIC) of the alcohol-soluble fraction of a total lipid extract (TLE),

derivatized to TMS ethers, of E. adriatica showing three distinct peaks eluting at 16.6 min (1), 17.9 min (Il) and 18.3 min (Ill). (Inset) Peak | visible when a 10x
concentrate was loaded. Triterpenols shown here constitute ~1% of the TLE. (B) Mass spectrum (MS) of compound | identified as lanosterol by comparison
with published spectra. MS of compound Il with structure determined by NMR and designated adriaticol. MS of compound IIl with structure determined by
NMR and designated eudoraenol. NMR data are listed in Table S1 and shown in Fig. S2. GC-MS analysis of acetate esters is shown in Fig. S1.
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Fig. 2. Phylogenetic analysis of EUS. (A) Unrooted maximum likelihood
phylogenetic tree of OSC homologs identified in genomes and metagenomes
(851 sequences) with bacterial squalene-hopene cyclases (SHC) and eukaryotic
squalene tetrahymanol cyclases (STC) as the outgroup. Sequences in each
branch have been collapsed for clarity. Bacterial clades are colored in blue or
red, with the total number of genome and metagenome sequences as well as
representative cultured organisms listed for each group. (B) Expanded Bacte-
rial OSC Group 1 branch from the phylogenetic tree in A. JGI locus tag num-
bers are listed for each metagenome sequence in parentheses. The scale bar
indicates 0.1 changes per nucleotide site.
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To determine if the E. adriatica OSC cyclizes oxidosqualene
directly to eudoraenol and adriaticol, we developed an inducible
heterologous expression system using three plasmids in Escher-
ichia coli. The first plasmid increases overall isoprenoid synthesis
by overexpression of the mevalonate pathway (33). The second
plasmid enables synthesis of the acyclic triterpenoids squalene
and/or oxidosqualene by encoding the squalene synthase (sgs)
gene alone or together with the squalene epoxidase (smo) gene
from the sterol-producing bacterium Methylomicrobium alcali-
philum. Finally, the third plasmid encodes putative OSC (osc)
genes. Expression of M. alcaliphilum osc, which encodes an LAS,
in an oxidosqualene-producing E. coli strain resulted in lanosterol
synthesis (Fig. 34 and Fig. S3) (32). Expression of E. adriatica osc
in an oxidosqualene-producing E. coli strain resulted in synthesis
of eudoraenol and adriaticol as well as a trace amount of lano-
sterol, as observed in E. adriatica lipid extracts (Fig. 3B and Fig.
S3). Expression of the E. adriatica osc in a squalene-producing
E. coli strain did not result in any cyclic triterpenoid production
(Fig. S3). These results confirm that E. adriatica OSC synthesizes
the pentacyclic triterpenols eudoraenol and adriaticol directly
from an oxidosqualene precursor.

Identification of Key Residues Distinguishing Pentacyclic Versus
Tetracyclic Triterpenol Synthases. The predominant synthesis of
pentacyclic arborinol lipids rather than tetracyclic sterols by
E. adriatica eudoraenol synthase indicates that homology alone is
not sufficient to predict the full lipid profile of a putative cyclase.
We took a comparative analysis approach to determine specific
amino acid residues that are necessary for synthesis of the fifth (E)
ring structure that could aid in identification of other OSCs that
potentially synthesize pentacyclic lipids. First, we identified amino
acid residues that are conserved in EUS and conserved among
sterol synthases but that differ between the groups by aligning
E. adriatica EUS with a diversity of bacterial OSCs known to syn-
thesize tetracyclic sterols (Fig. 44) (8). We further selected residues
that are likely to be in the active site cavity near the site of formation
of the E ring by alignment with the Homo sapiens LAS X-ray crystal
structure [Protein Data Bank (PDB) ID code 1W6K] (Fig. 4B)
(34). We then made reciprocal substitutions by changing the
identity of residues in M. alcaliphilum LAS to those in E. adriatica
EUS, and vice versa, and determined the lipid profile of these
variant enzymes using our E. coli heterologous expression system.

Two positions that are highly conserved in LAS, H232 (histi-
dine) and Y503 (tyrosine) (H. sapiens numbering), had a sub-
stantial difference in identity from the homologous residues in
E. adriatica EUS [Y164 (tyrosine) and V428 (valine)] (Fig. 44).
Previous studies of the Saccharomyces cerevisiae LAS indicated
that this hydrogen-bonded H-Y pair plays a key role in both
cyclization and terminal proton abstraction to yield the tetracy-
clic structure of lanosterol (35-38), suggesting that these residues
could potentially contribute to the formation of the eudoraenol
and adriaticol pentacyclic structure. To test this, we changed
these residues, both individually and in combination, in M. alcaliphilum
LAS to the corresponding E. adriatica EUS residues (Table S3;
lipid structures shown in Fig. S4). The LAS H254Y single variant
had significantly reduced oxidosqualene cyclization in general,
whereas the Y521V variant synthesized parkeol, a lanosterol iso-
mer, in addition to lanosterol (Table S3). Although we found that
the H254Y/Y521V double variant synthesized a trace amount of
adriaticol in addition to lanosterol and parkeol, those two changes
alone were not sufficient to enable LAS to synthesize the main
EUS pentacyclic structure, eudoraenol.

Continuing our comparative analysis, we found that E. adriatica
EUS residues S162 (serine) and Y618 (tyrosine) not only differ
from the corresponding M. alcaliphilum LAS residues W252
(tryptophan) and N717 (asparagine) but are also adjacent to the
above residues (H254 and Y521) in the active site cavity (Fig. 4B).
Although the identities of these four residues are not completely
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Fig. 3. Sterol and eudoraenol synthesis in an E. coli heterologous OSC ex-
pression system. GC-MS extracted ion chromatograms (EIC m/z 498) of the
alcohol-soluble fraction of a TLE (derivatized to TMS ethers) of an oxi-
dosqualene-producing strain of E. coli overexpressing either (A) M. alcaliphi-
lum osc or (B) E. adriatica osc from plasmid pSRK. Lipid content of peaks was
identified by MS as follows: 16.6 min lanosterol (I), 17.8 min adriaticol (Il), and
18.2 min eudoraenol (lll). TICs of samples and controls are shown in Fig. S3.

conserved in all LAS homologs (24), they tend to covary and always
differ from those in EUS. We changed these residues alone and in
combination with the previous substitutions in the M. alcaliphilum
LAS and tested the variant proteins to determine whether these
residues could contribute to the synthesis of the pentacyclic
arborinols. The W252S/N717Y double variant synthesized the
pentacyclic lipids adriaticol and isoarborinol in addition to tetra-
cyclic parkeol and lanosterol. However, the single variants (W252S
or N717Y alone) only synthesized parkeol and lanosterol (Table
S3), indicating that these residues together affect synthesis of the E
ring. An M. alcaliphilum LAS variant with all four substitutions

(W252S, H254Y, Y521V, and N717Y) synthesized tetracyclic
lanosterol and parkeol and pentacyclic adriaticol and isoarborinol
as well as trace amounts of pentacyclic isomers eudoraenol and
boehmerol, with all products retaining the CBC conformation (Fig.
4C, Fig. S5, and Table S3).

Finally, we constructed the reciprocal substitutions of these
four residues in E. adriatica EUS to the identity of those in
M. alcaliphilum LAS. Although three of the four single substitution
variants still synthesized pentacyclic structures, the identity of those
structures shifted with each substitution (Table S3). The EUS
Y164H single variant synthesized eudoraenol but not adriaticol,
whereas the EUS V428Y substitution resulted in isoarborinol
synthesis in addition to eudoraenol and adriaticol. The EUS
Y618N also synthesized both eudoraenol and adriaticol, but the
dominant product was a tetracyclic structure, which we have ten-
tatively identified as protosta-20 (22), 24-dien-3-ol. The S162W
substitution completely eliminated both tetracyclic and pentacyclic
lipid synthesis, which made it difficult to interpret the results of
subsequent combined substitutions (Table S3). Nonetheless, these
single substitution results suggest that the collective identity of
these four amino acid residues is important not only for the syn-
thesis of the additional ring in pentacyclic versus tetracyclic tri-
terpenoids but also for the positioning of the double bonds and the
stereochemistry of the methyl groups in the final product.

Discussion

Bioinformatics coupled to lipid analyses and protein characteriza-
tion have contributed significantly to our understanding of the
taxonomic distribution of microbial lipid biomarkers, the enzymatic
mechanisms of their synthesis, and the potential evolutionary re-
lationships of their biosynthetic pathways (39). Here, this combined
approach revealed two triterpenols that not only address a current
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these lipids are shown in Fig. S4, and mass spectra are shown in Fig. S5.
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incongruity in biomarker signatures but also provide mechanistic
insight into polycyclic triterpenoid biosynthesis.

Eudoraenol and adriaticol are unique in both their chemical
structure and biological source. Their structures are similar to
isoarborinol, a C3-oxygenated pentacyclic triterpenol whose only
known biological source is certain families of angiosperms (13).
However, some have hypothesized that there must be microbial
sources for arborinol lipids because their diagenetic derivatives,
arboranes, have been identified in geologic samples whose de-
position is inconsistent with the distribution of isoarborinol in
modern organisms (17-21). Although E. adriatica does not pro-
duce isoarborinol per se, it does synthesize an isoarborinol iso-
mer, adriaticol. This represents the first bacterial source of this
class of lipids, thereby linking arborinol/arborane compounds to
a potential bacterial source through geologic time.

In addition, the E. adriatica EUS is the first example of a
triterpenoid synthase from a bacterium that cyclizes oxidosqua-
lene to a pentacyclic triterpenol, which is significant from both
an evolutionary and biochemical perspective. Phylogenetic
analysis of an isoarborinol synthase (IAS) from Oryza sativa (rice)
demonstrated that it was recently derived from a plant cyclo-
artenol synthase (6). Our analysis demonstrates that E. adriatica
EUS is phylogenetically distinct from O. safiva IAS and most likely
was not acquired via horizontal gene transfer from a plant source.
Rather, this enzyme likely evolved separately within bacteria, be-
ing either derived from an LAS consistent with the proposed
evolutionary scheme of Fischer and Pearson (23) or instead from a
squalene-hopene cyclase consistent with the proposals of Ourisson
et al. (21). The identification of EUS now enables structural and
biochemical studies of this bacterial arborinol class of enzymes
that could provide experimental evidence for these evolutionary
scenarios.

Further, structural and enzymatic studies of EUS could pro-
vide insight into the cyclization mechanism of triterpene syn-
thases—the key step in determining the basic cyclic structure of
various polycyclic triterpenoids (35). Using a reverse genetics
approach guided by amino acid variations between EUS and
LAS, we demonstrated that substitution of four amino acid
residues (W230/252S, H232/254Y, Y503/521V, and N697/717Y;
H. sapiens/M. alcaliphilum numbering) in the LAS active site
cavity resulted in a gain of function variant that could cyclize an
additional (E) ring to synthesize pentacyclic as well as tetracyclic
triterpenoids. We hypothesize that these four substitutions allow
for nondiscriminate cyclization (40) by LAS resulting in in-
creased synthesis of tetracyclic parkeol as well as synthesis of
various pentacyclic triterpenols. Given the close proximity of
these four residues, these substitutions may also alter the LAS
cavity to accommodate a bulkier pentacyclic structure. Single
amino acid substitutions of these homologous residues in yeast
and fungal LAS impact various aspects of the cyclization re-
action, including carbocation stabilization, backbone rearrange-
ment, and deprotonation of the final product (11, 34, 38, 41-43).
However, in those studies, substitutions only inhibit or alter
synthesis of tetracyclic sterols and do not enable the synthesis of
pentacyclic triterpenoids. A recent study of a plant triterpene
synthase, the Avena strigosa (oat) p-amyrin synthase (SAD1),
demonstrated that substitution of an amino acid residue adjacent
to the active site cavity disrupted formation of the E ring of the
pentacyclic triterpenol pB-amyrin (44). This substitution, S725F
(homologous to H. sapiens LAS residue S699), is two amino acid
residues downstream of our M. alcaliphilum LAS N717Y sub-
stitution, which enabled the synthesis of pentacyclic triterpenoids.
Even though the p-amyrin synthase differs from lanosterol and
arborinol synthases in that it cyclizes oxidosqualene in the CCC
rather than the CBC conformation (5, 7), these data demonstrate
that this region is critical to the formation of the E ring in both plant
and bacterial triterpenoid synthases. Thus, our studies together
underscore the functional diversity of triterpenoid synthases and
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demonstrate the potential for engineering the specificity of
these cyclases to synthesize novel triterpenoids and other secondary
metabolites.

Finally, the four EUS amino acid residues identified in this
study can now be used as diagnostic markers to discover other
potential sources of arborinols and related lipids. Although the
distribution of EUS in genomic databases is currently restricted
to Eudoraea species (perhaps reflecting a sampling bias in ge-
nomic databases), analysis of metagenomic sequences reveals
that there are potentially other marine (e.g., North Sea) or la-
custrine (e.g., Lake Huron) bacterial sources. Thus, using the
E. coli heterologous expression system developed here, we can now
experimentally determine if any of these other putative arborinol
synthases can synthesize eudoraenol, isoarborinol, or perhaps
other triterpenoids. Ultimately, this combined bioinformatics
and biochemical approach should enable us to identify additional
unique biomarker lipid synthesis enzymes, analyze their prod-
ucts, and link them to cultured and/or uncultured organisms as
well as ancient and/or modern environments. This, in turn, will
inform our understanding of the evolutionary history of bio-
marker lipids and allow for more robust interpretations of their
occurrence in the rock record.

Materials and Methods

Bacterial Culture. Strains used in this study are listed in Table S4. E. adriatica
DSM 19308 was cultured in Bacto Marine Broth (Difco 2216) at 30 °C with
shaking at 225 rpm. E. coli was cultured in lysogeny broth or terrific broth
(TB) at 30 °C or 37 °C with shaking at 225 rpm. Media for E. coli was supple-
mented, if necessary, with gentamicin (15 pg/mL), carbenicillin (100 pg/mL),
and/or chloramphenicol (20 pg/mL).

Molecular Cloning. Plasmids and oligonucleotides used in this study are listed
in Tables S5 and S6. Details of molecular cloning techniques are described in
SI Materials and Methods (45).

Heterologous Expression. Expression strains used in this study are listed in
Table S7. E. coli DH10B strains harboring three plasmids, a pTrc99a de-
rivative, a pSRKgm derivative, and pJBEI2997 (Addgene plasmid #35151) (33,
46, 47), were cultured at 37 °C, shaking in TB supplemented with chloram-
phenicol, carbenicillin, and gentamicin until midexponential phase. Expres-
sion was induced with 500 uM isopropyl p-D-1-thiogalactopyranoside (IPTG)
for 30 h to 40 h at 30 °C, shaking at 225 rpm.

Lipid Extraction and Analysis. Lipids were extracted from cells harvested from
4 mL to 50 mL of bacterial culture using a modified Bligh-Dyer extraction
method (48, 49). Cells were first sonicated in 10:5:4 (v:v:v) methanol (MeOH):
dichloromethane (DCM):water, and then the phases were separated by
mixing with twice the volume of 1:1 (v:v) DCM:water followed by incubation
at —20 °C and centrifugation. The organic phase was transferred to a new
vial where solvents were evaporated under N, to yield the total lipid extract
(TLE). The alcohol-soluble fractions of some TLEs were further purified by Si
column chromatography (50). Lipids were derivatized to either acetate es-
ters with 1:1 (viv) pyridine:acetic anhydride or to TMS ethers with 1:1 (v:v)
bis(trimethylsilyl)trifluoroacetamide (BSTFA):pyridine before analysis by gas
chromatography—-mass spectrometry (GC-MS). Further details of the lipid
extraction and analysis techniques are described in SI Materials and
Methods.

NMR Analysis. The TLEs were saponified and fractionated by preparative TLC
as described in S/ Materials and Methods. The triterpenol fraction was fur-
ther fractionated by reversed-phase HPLC and characterized by NMR using a
Bruker Avance Il HD with an Ascend 800-MHz magnet and a 5-mm triple
resonance inverse (TCl) cryoprobe at 30 °C using deuterated chloroform
(CDCl3) as the solvent. Calibration was by the residual solvent signal (7.26 ppm).
The relative proportions of the triterpenols were determined by the inte-
grals of the HPLC differential refractometer signal and the integrals of the
"H NMR spectra. Acid-catalyzed isomerization of eudoraenol was carried out
in dry CDCl; using 1% trifluoroacetic acid (TFA) with 'H NMR monitoring as
described in S/ Materials and Methods. The major product was determined
to be boehmerol, by comparison of its '"H NMR spectrum with that of an
authentic standard (51). Acid-catalyzed isomerization of isoarborinol
[obtained from sorghum (52)] was carried out in dry CDCls using 2% (vol/vol)
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methanesulfonic acid as described in S/ Materials and Methods. The products
were determined to be adriaticol and an unknown triterpenol in a 2:1 ratio.
The unknown triterpenol is likely to be the A’ 9a-isomer, in analogy to the
product of isomerization of lanosterol (53).

Bioinformatics Analysis. We identified 941 triterpene cyclases, including squa-
lene-hopene cyclases, squalene-tetrahymanol cyclases, and various OSCs using
Methylococcus capsulatus Bath OSC (locus tag: MCA2873) to query the JGI In-
tegrated Microbial Genomes & Microbiomes (IMG/M) databases (31) using the
basic local alignment search tool for proteins (BLASTP) (54). For phylogenetic
analysis of metagenome sequences, we selected only those that were larger
than 400 amino acids, for a final total of 851 sequences. Protein sequences were
aligned via Multiple Sequence Comparison by Log-Expectation (MUSCLE) (55)
using Geneious (Biomatters Limited) and large gaps were removed from
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metagenomic sequence alignments using the Gblocks server (56). Maximum
likelihood trees were constructed by maximum likelihood (PhyML) (30) using
the LG+gamma model, four gamma rate categories, 10 random starting trees,
nearest-neighbor interchanges (NNI) branch swapping, and substitution pa-
rameters estimated from the data. OSC trees were generated and edited
through the interactive tree of life (iTOL) (57), using squalene-hopene cyclases
and squalene-tetrahymanol cyclases as the outgroup.
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