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Biosynthesis of sterols, which are key constituents of canonical
eukaryotic membranes, requires molecular oxygen. Anaerobic protists
and deep-branching anaerobic fungi are the only eukaryotes in which
a mechanism for sterol-independent growth has been elucidated. In
these organisms, tetrahymanol, formed through oxygen-independent
cyclization of squalene by a squalene-tetrahymanol cyclase, acts as a
sterol surrogate. This study confirms an early report [C. J. E. A. Bulder,
Antonie Van Leeuwenhoek, 37, 353-358 (1971)] that Schizosaccharo-
myces japonicus is exceptional among yeasts in growing anaerobi-
cally on synthetic media lacking sterols and unsaturated fatty acids.
Mass spectrometry of lipid fractions of anaerobically grown Sch. japo-
nicus showed the presence of hopanoids, a class of cyclic triterpenoids
not previously detected in yeasts, including hop-22(29)-ene, hop-
17(21)-ene, hop-21(22)-ene, and hopan-22-ol. A putative gene in
Sch. japonicus showed high similarity to bacterial squalene-hopene
cyclase (SHC) genes and in particular to those of Acetobacter species.
No orthologs of the putative Sch. japonicus SHC were found in other
yeast species. Expression of the Sch. japonicus SHC gene (Sjshc1) in
Saccharomyces cerevisiae enabled hopanoid synthesis and stimulated
anaerobic growth in sterol-free media, thus indicating that one or
more of the hopanoids produced by SjShc1 could at least partially
replace sterols. Use of hopanoids as sterol surrogates represents a
previously unknown adaptation of eukaryotic cells to anaerobic
growth. The fast anaerobic growth of Sch. japonicus in sterol-free
media is an interesting trait for developing robust fungal cell factories
for application in anaerobic industrial processes.
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Sterols are key constituents of canonical eukaryotic membranes,
in which they influence integrity, permeability, and fluidity (1,
2). The core pathway for sterol biosynthesis is highly conserved, but
the predominant final products differ for animals (cholesterol),
plants (phytosterols), and fungi (ergosterol) (3). Multiple reactions
in sterol biosynthesis require molecular oxygen, and no evidence for
anaerobic sterol pathways has been found in living organisms or in
the geological record (3). The first oxygen-dependent conversion in
sterol synthesis is the epoxidation of squalene to oxidosqualene by
squalene monooxygenase. Oxidosqualene is subsequently cyclized
to lanosterol, the first tetracyclic intermediate in sterol biosynthesis,
in an oxygen-independent conversion catalyzed by oxidosqualene
cyclase (OSC; SI Appendix, Fig. S1). Molecular oxygen is also re-
quired for multiple subsequent demethylation and desaturation
steps (4). In fungi, synthesis of a single molecule of ergosterol from
squalene requires 12 molecules of oxygen.

Deep-branching fungi belonging to the Neocallimastigomycota
phylum are the only eukaryotes that have been unequivocally
demonstrated to naturally exhibit sterol-independent growth under
strictly anaerobic conditions. These anaerobic fungi contain a
squalene—tetrahymanol cyclase (STC; SI Appendix, Fig. S1), which
catalyzes oxygen-independent cyclization of squalene to tetrahy-
manol (5, 6). This pentacyclic triterpenoid acts as a sterol surrogate,
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and acquisition of a bacterial STC gene by horizontal gene transfer is
considered a key evolutionary adaptation of Neocalllimastigomycetes
to the strictly anaerobic conditions of the gut of large herbivores
(7). The reaction catalyzed by STC resembles oxygen-independent
conversion of squalene to hopanol and/or other hopanoids by
squalene-hopene cyclases (8) (SHC; SI Appendix, Fig. S1), which
are found in many bacteria (9, 10). Some bacteria synthesize tet-
rahymanol by ring expansion of hopanol, in a reaction catalyzed by
tetrahymanol synthase (THS) for which the precise mechanism
has not yet been resolved (11).

Already in the 1950s, anaerobic growth of the industrial yeast and
model eukaryote Saccharomyces cerevisiae was shown to strictly
depend on sterol supplementation (12) or use of intracellular stores
of this anaerobic growth factor (13). Similarly, fast anaerobic growth
of S. cerevisiae, which is a key factor in its large-scale application in
bioethanol production, wine fermentation, and brewing (14, 15),
requires availability of unsaturated fatty acids (UFAs). Biosynthesis
of UFAs by yeasts requires an oxygen-dependent acyl-CoA desa-
turase (16), and in anaerobic laboratory studies, the sorbitan oleate
ester Tween 80 is commonly used as UFA supplement (13, 17).

Per gram of yeast biomass, ergosterol and UFA synthesis require
only small amounts of oxygen. Studies on these oxygen requirements
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therefore require extensive measures to prevent unintended oxy-
gen entry into cultures. Even though most yeast species readily
ferment sugars to ethanol under oxygen-limited conditions, only
very few grow anaerobically on sterol- and UFA-supplemented
media when such precautions are taken (18, 19). As opposed to
Neocallimastigomycetes, no evolutionary adaptations to sterol-
independent anaerobic growth have hitherto been reported for
yeasts or for ascomycete and basidiomycete fungi in general.

We recently demonstrated that expression of an STC gene
from the ciliate Tetrahymena thermophila—supported tetrahyma-
nol synthesis and sterol-independent growth of S. cerevisiae (20).
This result inspired us to re-examine a 1971 publication in which
Bulder (21) reported sterol- and UFA-independent growth of
the dimorphic fission yeast Schizosaccharomyces japonicus. Sch.
japonicus was originally isolated from fermented fruit juices (22,
23), and its potential for wine fermentation is being explored (24,
25). It shows marked genetic and physiological differences with
other fission yeasts (26, 27) and has gained interest as a model
for studying cell division dynamics and hyphal growth (28-30).
Sch. japonicus grows well at elevated temperatures and rapidly
ferments glucose to ethanol (31). A low sterol content, control of
membrane fluidity via chain length of saturated fatty acids
(SFAs), and respiratory deficiency may all reflect adaptations of
Sch. japonicus to low-oxygen environments (21, 31-33). How-
ever, the report by Bulder (21) stating that Sch. japonicus can
grow anaerobically without sterol supplementation has not been
confirmed or further investigated.

S. cerevisiae is able to synthesize sterols at nanomolar con-
centrations of oxygen (34). This high affinity for oxygen com-
plicates experimental analysis of oxygen requirements for sterol
synthesis in yeast cultures (20, 35, 36) and warranted a reas-
sessment of the sterol requirements of Sch. japonicus. If con-
firmed, an ability of Sch. japonicus to grow in the absence of an
exogenous supply of sterols would raise urgent questions on the
molecular and evolutionary basis for this trait, which is extremely
rare among eukaryotes. Based on theoretical grounds, it has
been proposed that oxygen-independent sterol synthesis may be
possible (37). Alternatively, sterol-independent growth of Sch.
Jjaponicus might depend on synthesis of an as yet unidentified
sterol surrogate or on membrane adaptations that involve nei-
ther sterols nor sterol surrogates. In addition to these funda-
mental scientific questions, independence of anaerobic growth
factors is a relevant trait for large-scale industrial applications of
yeasts, as exemplified by “stuck” brewing fermentations caused
by depletion of intracellular sterols and/or UFA reserves
(38, 39).

The goals of the present study were to reinvestigate the reported
ability of Sch. japonicus to grow anaerobically without sterol sup-
plementation and to elucidate its molecular basis. In view of
reported challenges in avoiding oxygen contamination in laboratory
cultures of yeasts (19, 20, 35, 36), we first reassessed anaerobic
growth and lipid composition of Sch. japonicus in the presence and
absence of ergosterol. After identifying a candidate SHC gene in
Sch. japonicus, we investigated its role in anaerobic growth by its
expression in S. cerevisiae. In addition, we tested the hypothesis of
Bulder (40) that Sch. japonicus is able to synthesize UFAs in an
oxygen-independent pathway.

Results

Anaerobic Growth of Sch. japonicus without Ergosterol and UFA
Supplementation. To reassess conclusions from an early literature
report on sterol- and UFA-independent anaerobic growth of Sch.
Japonicus (21), we performed serial transfer experiments in an
anaerobic chamber (36, 41) using phosphate-buffered synthetic
medium with glucose as carbon source (SMPD), with and without
supplementation of ergosterol and/or Tween 80 as source of
UFAs. Parallel experiments with the S. cerevisiae laboratory strain
CEN.PK113-7D were included to assess low-level contamination
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with oxygen, as reflected by residual slow growth in sterol-free
media (41).

To deplete reserves of sterols and/or UFAs in aerobically pre-
grown cells, anaerobic precultures were grown on SMPD with an
increased glucose concentration (50 g - L") and lacking ergosterol
and Tween 80. In these precultures, growth of S. cerevisiae
CEN.PK113-7D ceased after 4.8 doublings (Fig. 14), when less
than one-half of the glucose had been consumed (SI Appendix,
Table S1). Under the same conditions, Sch. japonicus CBS5679
completed 6.1 doublings (Fig. 1B), and while full glucose depletion
was intentionally avoided to prevent excessive flocculation and
sporulation, it had consumed almost 90% of the glucose (SI Ap-
pendix, Table S1). Samples from the anaerobic precultures were
transferred to SMPD (20 g - L™ glucose) supplemented with dif-
ferent combinations of ergosterol and/or Tween 80. Consistent
with earlier reports (36), S. cerevisiae showed extremely slow,
nonexponential growth on SMPD without ergosterol (Fig. 14),
which indicated a minor entry of oxygen into the anaerobic
chamber. In contrast, Sch. japonicus showed maximum specific
growth rates of 0.26 to 0.30 h™' and reached optical densities of 4
to 5 in all media tested (Fig. 1B and SI Appendix, Table S2). This
anaerobic growth was sustained upon two consecutive transfers in
SMPD lacking either Tween 80, ergosterol, or both (Fig. 1B).
These results confirmed Bulder’s (21) conclusion that Sch. japo-
nicus can grow anaerobically without sterol and UFA supplemen-
tation. Remarkably, Sch. japonicus grew slower in aerobic cultures
(0.19 h™"; SI Appendix, Fig. S2) than in anaerobic cultures grown
on the same medium (0.24 to 0.26 h™; Fig. 1B and SI Appendix,
Table S2).

Absence of Ergosterol and UFAs in Anaerobically Grown Sch. japonicus.
To further investigate anaerobic growth of Sch. japonicus in sterol-
and UFA-free media, lipid fractions were isolated from anaerobic
cultures and analyzed by gas chromatography with flame ioniza-
tion detection (GC-FID). UFAs were detected in aerobically
grown biomass but not in anaerobic cultures grown on SMPD
without Tween 80 supplementation (Fig. 2 and Dataset S1). These
results showed that fast anaerobic growth of Sch. japonicus on

Time (h) Time (h)

Fig. 1. Anaerobic growth of S. cerevisiae CEN.PK113-7D and Sch. japonicus
CBS5679 with different ergosterol and UFA (Tween 80) supplementation in a
dark anaerobic chamber. Anaerobic precultures on SMPD on 50 g - L™
glucose (closed circles, gray shading) were grown until the end of the ex-
ponential phase. (A) After the anaerobic preculture, S. cerevisiae was
transferred to SMPD (20 g - L™" glucose) supplemented with either Tween 80
and ergosterol (open circles), Tween 80 only (closed squares), or neither
Tween 80 nor ergosterol (open squares). (B) Sch. japonicus was grown on the
same media as S. cerevisiae and additionally on medium containing ergosterol
but not Tween 80 (closed triangles). Sch. japonicus cultures supplemented with
only Tween 80, only ergosterol, and those without supplements were serially
transferred to fresh media with the same composition in the anaerobic
chamber. Data are represented as average + SEM of measurements on in-
dependent duplicate cultures for each combination of yeast strain and
medium composition.
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UFA-free medium did not, as suggested by Bulder (40), reflect
oxygen-independent UFA synthesis. Total fatty acid contents of
aerobically and anaerobically grown biomass were similar, but
anaerobically grown biomass showed higher contents of FA 10:0,
FA 16:0, and FA 18:0 and lower contents of FA 26:0. In aerobi-
cally grown Sch. japonicus biomass, no FA 16:1 was detected, and
levels of FA 18:1 were higher than in Tween 80-supplemented
anaerobic cultures (Fig. 2).

S. cerevisiae biomass, grown anaerobically on SMPD with
Tween 80 and ergosterol, was used as a reference for analysis of
triterpenoid compounds. In addition to squalene and ergosterol,
lipid samples contained small amounts of lanosterol (Fig. 34).
Lipid samples from extremely slow-growing S. cerevisiae cultures
on SMPD supplemented with only Tween 80 contained squalene
and a small amount of lanosterol but not ergosterol (Dataset S1).
Presence of lanosterol was attributed to de novo synthesis, en-
abled by a minor entry of oxygen into the anaerobic chamber.

Similarly prepared triterpenoid fractions of anaerobic Sch.
Japonicus cultures that were supplemented with only Tween 80 did
not contain detectable amounts of ergosterol or lanosterol. In-
stead, in addition to squalene, gas chromatography-mass spec-
trometry (GC-MS) revealed several compounds that were not
observed in anaerobically grown S. cerevisiae (Fig. 3B). A prom-
inent appearance of the ions m/z 367 and 395 in mass spectra of
the detected compounds was consistent with a five-membered ring
system with loss of either a methyl or a propyl group (42). We
therefore hypothesized that these compounds had a pentacyclic
structure. Tetrahymanol, which has not been found in wild-type
yeasts but does occur in several other eukaryotes (6, 43, 44), did
not match any of the detected peaks based on its relative retention
time (RRT, with cholestane as ref. 20).

Sch. japonicus Synthesizes Hopanoids. Hopanoids are triterpenoids
with a pentacyclic backbone that occur in bacteria, plants, and
fungi (9) but have not previously been found in yeasts. GC-MS
analysis of biomass samples yielded eight distinct analytes that
were detected in Sch. japonicus (Fig. 3B) but not in S. cerevisiae
CEN.PK113-7D (Fig. 34). Squalene epoxide (compound 3) was

%0 BE= FA26:0
- FA 24:0
@ 7 FA 20:0
£ 20 B FA18:0
2 I FA18:1
2 I FA16:0
2 FA 14:0
N HEl FA12:0
3: ° EJ FA 10:0
:1 5 — O FA 8:0
S

0 =

-

aerobic
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Fig. 2. Quantification of fatty acids in Sch. japonicus CBS5679 biomass. Sch.
japonicus CBS5679 was grown in SMPD with 20 g - L™" glucose. Under an-
aerobic conditions, cultures were supplemented with Tween 80 and ergos-
terol (TE), only ergosterol (E), only Tween 80 (T), or neither of those
supplements (/). Data are shown for the first anaerobic culture following
the anaerobic preculture. Aerobic cultures of Sch. japonicus were grown in
SMPD without supplements (—/-). Data are represented as average + SEM of
measurements on independent duplicate cultures for each cultivation con-
dition. Detailed information on data presented in this figure and additional
anaerobic transfers are provided in Dataset S1.
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identified based on RRT and spectral matching with authentic
standard material as previously described (45). Presence of
squalene epoxide but not sterols was attributed to inadvertent
entry of small amounts of oxygen into the anaerobic chamber.
Hop-22(29)-ene (diploptene, compound 12) was identified based
on synthetic reference material (Dataset S2). To investigate
whether any of the remaining six unidentified components in
Sch. japonicus (Fig. 3B) were also hopanoids, their mass spectra
(Dataset S2) were compared with literature data (11, 42, 46, 47)
(81 Appendix, Table S3 and Dataset S2). A fragment ion with a
mass—charge ratio (m/z) of 191, which frequently occurs as base
peak in mass spectra of hopanoids (42, 46), was detected for
compounds 4, 5, 13, and 14 (Dataset S2). Based on comparison
with published data, we tentatively identified compounds 4, 13,
and 14 as hop-17(21)-ene, hop-21(22)-ene, and hopan-22-ol
(diplopterol), respectively (11, 42, 46). Mass and retention-time
shifts caused by silylation (48) were investigated (Fig. 3) and
confirmed presence of the hydroxy group of diplopterol (Fig. 3B;
14 and 15) in the Sch. japonicus biomass, as well as those of the
sterols (Fig. 34; 6 and 7 and 10 and 11) in the S. cerevisiae samples.
A small peak at the retention time of unsilylated diplopterol was
tentatively attributed to steric hindrance by the tertiary-alcohol
context of its hydroxy group. In the chromatograms representing
silylated triterpenoids of S. cerevisiae, small additional peaks at
retention times of 16.0 and 16.6 min were attributed to ergosta-
5,7,22-trien-3-ol (also detected in the commercial ergosterol
preparation used for supplementation of anaerobic growth media;
SI Appendix, Fig. S3) and fecosterol, an intermediate in ergosterol
biosynthesis (49), respectively (Fig. 34).

While the base peak of compound 5 was at m/z 367, the spec-
trum showed the same characteristic peak of m/z 191 and a mo-
lecular ion of m/z 428. Although this observation points toward a
hydroxylated structure analogous to diplopterol, compound 5 was
not readily silylated. A tentative identification of compound 5 as
hydroxy-21aH-hopane is consistent with its almost identical mass
spectrum relative to that of diplopterol and its different retention
time (42). Moreover, its lower signal intensity and different ste-
reochemistry at position 21 could explain its higher resistance to
silylation. For compounds 8 and 9, the ion at m/z 410 suggests an
unsubstituted triterpene which is unaffected by silylation, with re-
tention times similar to those of other identified hopenes (Fig. 3B
and Dataset S2). The corresponding base peaks of m/z 259 and 243
were previously reported for polycyclic triterpenoids with a dif-
ferent backbone configuration than those of substances 4, 12, and
13 (42). Although compounds 8 and 9 could not be identified with
a high degree of confidence, they may be adian-5-ene and fern-7-
ene, respectively. These two pentacyclic triterpenoids only differ
from other hopanoids by their stereochemistry and by the position
of methyl groups.

The identified compounds were quantified by GC-FID analysis
in biomass samples of anaerobic Sch. japonicus cultures supple-
mented with different combinations of Tween 80 and ergosterol.
Presence of ergosterol in biomass from ergosterol-supplemented
anaerobic cultures indicated that Sch. japonicus is able to import
sterols (Fig. 44). In anaerobic cultures, the content of diplopterol,
the major hopanoid detected in Sch. japonicus, was similar to the
ergosterol content of sterol-supplemented anaerobic cultures
(close to a 1:1 molar ratio; Fig. 44 and Dataset S1).

Except for the presence and absence of ergosterol, the tri-
terpenoid composition of anaerobically grown biomass was not
markedly affected by the supplementation of ergosterol and/or
Tween 80. To investigate whether hopanoid synthesis in Sch.
Jjaponicus is affected by oxygen availability, additional analyses
were performed on aerobically grown cultures. These analyses
confirmed the ability of Sch. japonicus strain CBS5679 to syn-
thesize ergosterol (Fig. 44). Aerobically grown biomass showed a
3.5-fold higher squalene content than biomass grown in anaerobic
cultures without Tween 80 and ergosterol, while its hopanoid

PNAS | 30f9
https://doi.org/10.1073/pnas.2105225118

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://doi.org/10.1073/pnas.2105225118

>
R
(=)

1 2 6 7 1011
200 l

2

£ 150

=]

o

O 100+

4
50

1 1 1 1
+— N
——

o+
10 11

Time (min)

12 13 14 15 16 17 18 19 20 21

L B e o B e e o e e
10 11 12 13 14 15 16 17 18 19 20 21
Time (min)

Fig. 3. GC-MS analysis of triterpenoid fractions of anaerobically grown yeast biomass. Anaerobic cultures were harvested in early stationary phase. Tri-
terpenoids were extracted for GC-MS analysis and injected immediately (black lines) or after silylation (red lines). (A) S. cerevisiae CEN.PK113-7D grown
anaerobically on medium supplemented with Tween 80 and ergosterol, and (B) Sch. japonicus CBS5679 was grown on medium supplemented with only
Tween 80. Numbers indicate the following compounds: 1, squalene; 2, 5a-cholestane (internal standard); 3, squalene epoxide; 4, hop-17(22)-ene; 5,
22-Hydroxy-21aH-hopane; 6, ergosterol; 7, ergosterol-TMS-ether; 8, adian-5-ene; 9, fern-7-ene; 10, lanosterol-TMS-ether; 11, lanosterol; 12, hop-22(29)-ene
(diploptene); 13, hop-21(22)-ene; 14, hopan-22-ol (diplopterol); and 15, hopan-22-ol-TMS-ether.

content was fourfold lower (Fig. 44 and Dataset S1). These ob-
servations suggest that oxygen availability may regulate triterpe-
noid synthesis in Sch. japonicus.

Predicted Sch. japonicus Proteins Resemble Bacterial SHCs. In bac-
teria, plants, and fungi, hopanoid synthesis occurs by cyclization of
squalene by SHCs (47). To explore whether the Sch. japonicus
genome encodes an SHC, amino acid sequences of characterized
representatives of three related classes of triterpene cyclases were
used as queries to search the predicted proteomes of Sch. japo-
nicus strains yFS275 (26) and CBS5679. Specifically, sequences of
an OSC from Schizosaccharomyces pombe (50) (SpErg7; Universal
Protein Resource [UniProt] accession No. Q10231), an SHC from
Acidocaldarius alicyclobacillus (51) (AaShc; P33247), and an STC
from T. thermophila (5, 20) (TtThcl; Q24FB1), were used for a
homology search based on Hidden Markov Models using
HMMER (52). For each Sch. japonicus strain, this search yielded
a sequence with significant homology to OSC and another with
significant homology to SHC (Table 1). Consistent with the lipid
analysis results, neither strain yielded a clear STC homolog.
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£ % — Hop-22(29)-ene
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) - [ Ergosterol
2 [ Lanosterol
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Fig. 4. Quantification of triterpenoids in yeast biomass. (A) Triterpenoid
content of cultures of Sch. japonicus CBS5679 grown in SMPD with 20 g - L™
glucose. Under anaerobic conditions, cultures were supplemented with
Tween 80 and ergosterol (TE), only ergosterol (E), only Tween 80 (T), or
neither of these supplements (—/-). Data are shown for the first anaerobic
culture following the anaerobic preculture. Aerobic cultures of Sch. japoni-
cus were grown in SMPD without supplements (—/-). (B) Triterpenoid com-
position of anaerobic cultures of S. cerevisiae IMX2616 (sgalA::Sjshc1; Left)
and IMX2629 (sga4::Sjshc1 X-2::Maths; Right) grown in SMPD with 20g - L™
glucose and Tween 80 (T) supplementation. Data are represented as aver-
age + SEM of data from two independent duplicate cultures for each cul-
tivation condition. Detailed information on data presented in this figure and
additional anaerobic transfers are provided in Dataset S1.
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To explore the phylogeny of the Sch. japonicus OSC and SHC
homologs, SpErg7, AaSHC, and TtThcl were used as queries for
HMMER searches against all eukaryotic and all bacterial protein
sequences in UniProt reference proteomes. A set of selected cyclase
homologs (Dataset S3; see SI Appendix, Table S4 for detailed in-
formation) were subjected to multiple sequence alignment and used
to generate a maximum-likelihood phylogenetic tree (Fig. 5 and
Dataset S4). This phylogenetic analysis showed that the putative
Sch. japonicus SHC sequences (SCHJC_C003990 from CBS5679,
and B6K412 from yFS275) are related to bacterial SHCs, with se-
quences from Acetobacter spp. (AOAOD6N754 from Acetobacter
indonesiensis 5SH-1, and AOAOD6NGS57 from Acetobacter orientalis
21F-2) as closest relatives (Fig. 5). To check if this conclusion was
biased by the selection of sequences from species of interest, the
putative SHC sequence SCHIJC C003990 from Sch. japonicus
CBS5679 was used as query for a second HMMER search of either
the eukaryotic or the bacterial databases described above. The
resulting E-values distribution (Fig. 54 and Dataset S5) showed a
strong overrepresentation of low E-values among bacterial se-
quences. Sequences of two Acetobacter species, AOAODO6NGS7
from A. orientalis 21F-2 and AOAOD6N754 from A. indonesiensis
5H-1, showed 67.9 and 66.9% sequence identity, respectively, and
yielded zero E-values in this search. In contrast, E-value distribu-
tions obtained with the putative OSC sequence SCHJIC_A005630
from Sch. japonicus CBS5679 as query showed an overrepresenta-
tion of low E-values among eukaryotic sequences (Fig. 5B). Hori-
zontal gene transfer from Acetobacter species which, like other
members of the order Rhodospirillales, are well known to synthe-
size hopanoids (10, 53), is therefore a highly probable origin of SHC
in Sch. japonicus. No SHC homologs were found in the predicted
proteomes of Schizosaccharomycetes other than Sch. japonicus nor
in those of 371 Saccharomycotina yeast species included in the
eukaryotic UniProt database.

In bacteria, hopanoids can be methylated or decorated with other
side chains by enzymes encoded by Apn genes (54). To explore
whether homologs of bacterial hopanoid-modifying enzymes occur
in Sch. japonicus, a tblastn (55) homology search was performed on
the genome sequences of strains CBS5679 and yFS275 with amino
acid sequences of HpnG, HpnH, Hpnl, HpnJ, HpnK, HpnO,
HpnP, and HpnR from relevant bacterial species, including 4. ori-
entalis (SI Appendix, Table S5), as queries. Of these queries, only
HpnO yielded two significant hits (alignment length of greater than
75% and E-value of lower than 1 x 107> ). However, a tblastn search
of the genome of S. cerevisiaee CEN.PK113-7D, which does not
synthesize hopanoids, with HpnO as also yielded two hits. These
corresponded to L-ornithine aminotransferase (Car2) and acety-
lornithine aminotransferase (Arg8) and showed coverages of >99%
and amino acid identities of 60 and 41%), respectively, with the two
Sch. japonicus sequences. Homology searches therefore did not
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Table 1. Homology search results using amino acid sequences of characterized triterpenoid cyclases against Sch. japonicus proteomes
Query Accession of subject sequence Query coverage (%) E-value Identity (%)
Subject proteome: Sch. japonicus yFS275
SpErg7* (Q10231) B6JW54 99.7 0.0 65.9
AaShc' (P33247) B6K412 99.2 27 x 107" 38.1
Subject proteome: Sch. japonicus CBS5679
SpErg7* (Q10231) SCHJC_A005630 (SjErg7) 99.7 0.0 65.7
AaShc' (P33247) SCHJC_C003990 (5jShc1) 98.9 2.5x%x 107" 37.8

Query coverage percentage and E-values were obtained with HMMER3 (52), identity percentages were calculated with Clustal (95).

*Protein sequence of Erg7 of S. pombe.
TProtein sequence of SHC of A. alicyclobacillus.

provide a clear indication for occurrence of known hopanoid-
modifying enzymes in Sch. japonicus.

Expression of Sch. japonicus SHC Stimulates Anaerobic Growth of §.
cerevisiae in the Absence of Sterol Supplementation. To investigate
if the putative SHC gene of Sch. japonicus CBS5679 (Sjshcl) was
responsible for hopanoid synthesis, its coding sequence was codon
optimized and expressed in the Cas9-expressing S. cerevisiae strain
IMX2600. Growth and triterpenoid production of the resulting
strain IMX2616 (sgalA::Sjshcl; SI Appendix, Table S7) was studied
in anaerobic shake flask cultures. After an anaerobic preculture
for depletion of cellular reserves of sterols and/or hopanoids,
neither the reference strain S. cerevisiae CEN.PK113-7D nor the
strain carrying the Sjshcl expression cassette grew on SMPD
without ergosterol and Tween 80 (Fig. 6). On SMPD with only
Tween 80, S. cerevisiae CEN.PK113-7D reached an optical density
of 0.7 after 33 h (Fig. 64), at which point ~70% of the initially
present glucose remained unused (SI Appendix, Table S6). In
contrast, S. cerevisiae IMX2616 (sgalA::Sjshcl) reached an optical
density of 2.1 after the same time period (Fig. 6B), at which point
98% of the initially added glucose had been consumed (SI Ap-
pendix, Table S6), and showed sustained anaerobic growth upon
transfer to a second flask containing the same medium (Fig. 6B).
Upon termination of the experiments after 58 h, the optical
density at 600 nm (ODgqg) of the S. cerevisiae CEN.PK113-7D
cultures had increased to 1.1.

To investigate whether S. cerevisiae IMX2616 (sgalA::Sjshcl)
produced the same hopanoid compounds as Sch. japonicus
CBS5679, biomass was harvested from anaerobic shake flask cul-
tures grown on SMDP with Tween 80. Analysis of the triterpenoid
fraction by GC-MS and GC-FID showed the same hopanoids that
were detected and identified in Sch. japonicus strain CBS5679 (SI
Appendix, Fig. S4), albeit in smaller amounts, while squalene con-
tents were higher in the S. cerevisiae cultures (Fig. 5B and Dataset
S1). The only sterol identified in these samples was lanosterol
(Fig. 5B). Presence of this first tetracyclic intermediate of ergosterol
biosynthesis and very slow, nonexponential growth of the reference
strain S. cerevisiaee CEN.PK113-7D in sterol-free medium (Fig. 6)
were attributed to a minor entry of oxygen into the anaerobic
chamber (20).

In some bacteria, SHC is involved in a pathway for tetrahy-
manol production, in which a THS converts hopene into tetra-
hymanol (11). To investigate whether such a two-step pathway for
tetrahymanol synthesis can be engineered in S. cerevisiae, a codon-
optimized expression cassette for the Methylomicrobium alcali-
philum (11) gene encoding THS (locus tag MEALZ_1626; re-
ferred to as Maths) was integrated at the X-2 locus (56) in strain
IMX2616 (sgalA::Sjshcl), yielding strain IMX2629 (sgalA::Sjshcl
X-2::Maths; SI Appendix, Table S7). Anaerobic growth and sugar
consumption rates of these two S. cerevisiae strains were similar
(Fig. 6 B and C and SI Appendix, Table S6). Tetrahymanol was
detected in anaerobically grown biomass of strain IMX2629 but
not of strain IMX2616 (Fig. 4B and SI Appendix, Fig. S5). To-
gether, these results confirm that Sjsicl encodes a bona fide SHC,
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at least one of whose hopanoid products can act as sterol surro-
gate in anaerobic yeast cultures.

Discussion

The notion that sterols are indispensable components of all
eukaryotic membranes was first dispelled by research on ciliates of
the genus Tetrahymena, in which tetrahymanol acts as a sterol
surrogate (43, 57). Subsequent research showed that fungi be-
longing to the phylum Neocallimastigomycota linked their ability
to maintain membrane integrity in the absence of oxygen or ex-
ogenous sterols to tetrahymanol synthesis (6, 44). Acquisition of a
bacterial STC-encoding DNA sequence has been proposed as a
key event in their adaptation to an anaerobic lifestyle (7, 58).
Inspired by a half-century-old, intriguing publication by Bulder
(21) on the yeast Sch. japonicus, the present study uncovered
hopanoid production as a similar but different eukaryotic adap-
tation to minimize or eliminate oxygen requirements for sterol
biosynthesis. Because efficient procedures for genetic modifica-
tion of Sch. japonicus CBS5679 are not yet available (59), the role
of one or more hopanoids as sterol surrogates was confirmed by
expression in a heterologous host. Expression of Sjshcl in S. cer-
evisiae stimulated its anaerobic growth in the absence of ergosterol
supplementation (Fig. 6) and illustrated how the mere acquisition
of an SHC gene by horizontal gene transfer may have benefited an
ancestor of Sch. japonicus in severely oxygen-limited or anaerobic
environments.

SHC enzymes and hopanoid synthesis have been found in ferns
(60, 61), and putative SHC proteins have been identified in several
filamentous fungi (62, 63) (Fig. 5). Although Sch. japonicus is
therefore not unique among eukaryotes in containing an SHC,
hopanoid synthesis has not previously been found in yeasts or as-
sociated with sterol-independent anaerobic growth of eukaryotes.
Putative SHC genes were neither found in other Schizosacchar-
omyces species nor in more distantly related yeasts. Confinement to
a single yeast species and a strong sequence similarity with putative
SHC sequences from Acetobacter species identifies horizontal gene
transfer as a highly plausible evolutionary origin of Sjshcl (62).
Independent acquisition of SHC and STC genes by phylogenetically
distant eukaryotes represents a remarkable case of convergent
evolution toward an anaerobic eukaryotic lifestyle.

The hopanoids identified in anaerobically grown Sch. japonicus
CBS5679 (Fig. 3 and SI Appendix, Table S3) were also detected in
an Sjshcl-expressing S. cerevisiae strain (Fig. 5 and SI Appendix, Fig.
S4). These results indicate that the observed product diversity
originated from the SjShcl enzyme itself, rather than from addi-
tional enzyme-catalyzed modifications. Formation of multiple
products is consistent with reports on triterpenoid extracts of bac-
terial hopanoid producers and product spectra of purified bacterial
SHCs (64-66). For example, in addition to diploptene and dip-
lopterol, analysis of triterpenoids in Zymomonas mobilis biomass
revealed a number of minor hopene variants whose synthesis was
attributed to deviation from the regular cyclization process (67).
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Fig. 5. Maximume-likelihood phylogenetic tree of selected triterpenoid cyclases. The colored bar indicates different types of cyclases: green, SHCs; red, STCs;
and purple, OSCs. Sequences were obtained from a systematic homology search using the characterized cyclases marked with an asterisk (A. alicyclobacillus
AaShc, P33247, SHC; T. thermophila, TtThc1, Q24FB1, STC; Schizosaccharomyces pombe SpErg7, Q10231, OSC) as queries. Eukaryotic and bacterial sequences
are indicated by black and gray bars, respectively. Clades were collapsed when having three or more members from the same taxonomic division (third level
below Bacteria or Eukaryota according to NCBI taxonomy) with the exception of Neocallimastogomycetes and Schizosaccharomycetes. A total of 100
bootstrap replicates were performed, values above 70 are shown on the corresponding branches. All sequences and the final tree are provided in Datasets S3
and S4, respectively. The tree was midrooted, visualized, and made available in iTOL (https:/itol.embl.de/tree/19319025314539181623851833). (A) Distri-
bution of HMMER E-values obtained with Sch. japonicus SHC (SCHJC_C003990) as query against a bacterial sequence database (gray bars) and a eukaryotic
database (black bars). (B) Distribution of HMMER E-values obtained with Sch. japonicus OSC (SCHJC_A005630) as query against a bacterial sequence database
(gray bars) and a eukaryotic database (black bars).

60f9 | PNAS

https://doi.org/10.1073/pnas.2105225118

Bouwknegt et al.

A squalene-hopene cyclase in Schizosaccharomyces japonicus represents a eukaryotic

adaptation to sterol-limited anaerobic environments


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105225118/-/DCSupplemental
https://itol.embl.de/tree/19319025314539181623851833
https://doi.org/10.1073/pnas.2105225118

A B C
3.0

2.5+ . . N
2.0 - t4 - i
159 7 é }{ 1 o
1.0 3
05— ol
0.0—T—T1
0 15 30 45 60
Time (h)

ODgo

0] .

p8-0-00%. 5 .0..... o
I L

0 15 30 45 60 0 15 30 45 60

Time (h) Time (h)

Fig. 6. Anaerobic growth of S. cerevisiae strains in sterol-free media. S.
cerevisiae cultures were inoculated from an anaerobic preculture on SMPD
(50 g - L™" glucose) to fresh SMPD (20 g - L™" glucose), either supplemented with
Tween 80 (closed circles), or lacking UFAs and sterols (open circles). (A) Refer-
ence strain CEN.PK113-7D. (B) S. cerevisiae strain IMX2616 (sgalA::SjshcT). (C)
S. cerevisiae strain IMX2629 (sga1A::Sjshc1 X-2::Maths). Cultures supplemented
with Tween 80 represented in panels (B) and (C) were transferred to fresh
medium of the same composition (closed circles) during exponential phase.
Data are represented as average + SEM of measurements on independent
duplicate cultures for each yeast strain.

Alternatively, minor structural variations could represent artifacts of
lipid isolation and derivatization.

In bacteria, hopanoids produced by SHC are often modified to
generate side-chain—extended hopanepolyols (54). Molecular
dynamics simulation of lipid bilayers showed that sterols and
bacteriohopanetetrol are correctly oriented in membranes due to
their polar moieties, whereas unsubstituted diploptene molecules
cannot be properly inserted and instead accumulate horizontally
in the hydrophobic core (68). In the present study, diplopterol
(hopan-22-ol), the major hopanoid detected in Sch. japonicus, is
therefore the best candidate for a role as membrane-active tri-
terpenoid due to its hydroxyl group. It was previously demon-
strated that its potential to influence order and phase behavior of
lipid bilayers resembles that of cholesterol (69). While the scan
range of the GC-MS analyses (m/z 100 to 600) would have
allowed for identification of methylated or double-hydroxylated
hopanoids, our analyses do not exclude presence of more elab-
orately modified hopanoids in Sch. japonicus. Absence of clear
homologs of bacterial genes involved in hopanoid modification
(70, 71) from the Sch. japonicus genome and the high diplopterol
content of the lipid fraction of anaerobically grown biomass may,
however, argue against this possibility.

The ability, unique among yeasts, of Sch. japonicus to grow fast in
anaerobic cultures without supplementation of sterols or UFAs is
likely to reflect a specialized composition of its membranes. A re-
cent comparison of the membrane properties of Sch. japonicus
showed remarkable differences with those of the closely related
yeast species Sch. pombe, including a higher membrane stiffness,
denser lipid packing, and generally shorter and more saturated fatty
acid residues (33). In our study, Sch. japonicus showed two- to
threefold lower squalene contents during anaerobic growth in
sterol-free media than in S. cerevisiae strains expressing Sjshcl
(Fig. 6) or a tetrahymanol cyclase gene from 7. thermophila (20).
High squalene contents have been implicated in suboptimal mem-
brane function of S. cerevisiae (72) and may therefore at least be
partially responsible for the slow anaerobic growth of these engi-
neered S. cerevisiae strains (Fig. 5). Cultivation of Sch. japonicus in
UFA-free medium led to a reduction of the average chain length of
SFAs (Fig. 2). This change is, however, unlikely to directly affect
effectiveness of hopanoids as sterol surrogates since UFA supple-
mentation did not affect anaerobic growth rates of Sch. japonicus on
sterol-free media (Fig. 1 and SI Appendix, Table S2).
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Further research should resolve how hopanoids interact with
other membrane components, including squalene, acyl lipids, and
proteins, and thereby influence membrane functionality of Sch.
Japonicus. In bacteria, hopanoids have been implicated in toler-
ance to external stresses such as nonoptimal temperature and pH
and the presence of antimicrobials (73-75). Elucidating how sterol
surrogates interact with other membrane components, including
proteins, and thereby influence membrane functionality can con-
tribute to a deeper insight in microbial adaptation to anaerobic
environments and to physicochemical stress factors. In addition,
such studies will contribute to the design of membrane engineer-
ing strategies aimed at the construction of robust industrial strains
of S. cerevisine and other yeasts for application in anaerobic
fermentation processes.

Materials and Methods

Strains, Media, and Maintenance. Sch. japonicus CBS5679 was obtained from
the Westerdijk Institute. S. cerevisiae strains used and constructed in this
study belonged to the CEN.PK lineage (76, 77) and are listed in S/ Appendix,
Table S7. Yeast strains were stored at —80 °C as described previously (20). To
avoid sexual coflocculation (78) of Sch. japonicus CBS5679, carbon source
depletion in precultures was prevented and buffered synthetic media were
used in all growth studies. Yeasts were grown on synthetic medium with
ammonium as nitrogen source (79) with an increased concentration of KH,PO,
[1449- L™, SMP (80)]. Unless otherwise indicated, glucose was added from a
concentrated stock solution, separately autoclaved at 110 °C, to a concentra-
tion of 20 g - L' (SMPD). Concentrated stock solutions (800-fold) of Tween 80
(polyethylene glycol sorbitan monooleate; Merck), ergosterol (>95%; Sigma-
Aldrich), or a combination of both were prepared with pure ethanol as solvent
(36). Where indicated, SMPD was supplemented with Tween 80, ergosterol, or
both from these stock solutions to reach final concentrations of 420 and 10 mg
-L7", respectively. Bacto agar (BD Biosciences, 20 g - L=") was added to prepare
solid media. The counter selectable amdS-marker was used as described pre-
viously (81). Strains with geneticin, hygromycin, or nourseothricin resistance
were selected by supplementing yeast extract peptone dextrose medium
(YPD) with 200 mg - L™" geneticin (G418), 100 mg - L=" hygromycin B (hygB) or
100 mg - L™" nourseothricin (ClonNAT), respectively.

Molecular Biology Techniques and Plasmid and Strain Construction. Open-reading
frames of a putative SHC (SCHJC_C003990) from Sch. japonicus CBS5679 and of a
Methylomicrobium alkaliphilum THS gene (GenBank Accession No. CCE23313)
were codon optimized for use in S. cerevisiae with the GeneOptimizer algorithm
(GeneArt) (82). A detailed description of the construction of plasmids pUDE1059
(pTEF1-Sjshc1-tCYCT) and pUDE1060 (pTDH3-Maths-tADH1) is provided in S/
Appendiix. Plasmids and oligonucleotides are listed in S/ Appendix, Tables S8 and
S9, respectively. Construction of S. cerevisiae strains IMX2616 (sga1A::Sjshc1) and
IMX2629 (sga1A::Sjshc1 X-2::Maths) is described in detail in S/ Appendix. In brief,
expression cassettes harboring Sjshc? or Maths coding sequences were amplified
from plasmids pUDE1059 and pUDE1060 and used for Cas9-mediated genomic
integration into a Cas9-expressing S. cerevisiae platform strain (83).

Aerobic Shake Flask Cultivation. Aerobic cultivation on SMPD was performed in
500-mL shake flasks with a working volume of 100 mL. A preculture was in-
oculated from a frozen stock culture and, after overnight incubation, trans-
ferred to a second preculture. Upon reaching midexponential phase, cells were
transferred to fresh SMPD, and optical density was monitored at 660 nm. All
experiments were performed in duplicate. Light-induced flocculation of Sch.
Jjaponicus (84) was prevented by wrapping flasks in aluminum foil.

Anaerobic Shake Flask Cultivation. Anaerobic chamber experiments were
performed as previously described (36), using 100-mL shake flasks containing
80 mL medium. The anaerobic chamber was placed in a mobile darkroom that
was only illuminated with red light-emitting diodes (85) during sampling. An
aerobic preculture on SMPD was used to inoculate an anaerobic preculture on
SMPD with an increased glucose concentration of 50 g - L™, which was grown
until the end of the exponential phase. Samples from these precultures were
then used to inoculate experiments on regular SMPD supplemented with ei-
ther Tween 80 and ergosterol, only Tween 80 or ergosterol, or neither. Cul-
tures of S. cerevisiae CEN.PK113-7D on SMPD without Tween 80 or ergosterol
were included in all anaerobic chamber experiments to assess low-level oxygen
contamination (41). All growth experiments were performed by monitoring
optical density at 600 nm in independent duplicate cultures.
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Analytical Methods. Extracellular metabolite concentrations were analyzed by
high-performance liquid chromatography (86). Extraction and quantification
of fatty acids, sterols, and tetrahymanol by GC-FID was performed as previ-
ously described (20, 36). A 6-point calibration of the GC-FID system with hop-
22(29)-ene (Sigma-Aldrich, 0.1 mg - mL~" in isooctane) was used for quantifi-
cation of hop-22(29)-ene and other detected hopanoid compounds. Detailed
methods for detection and identification of hopanoid compounds by GC-MS
are described in S/ Appendix. Optical density was measured at 600 nm for
anaerobic cultures with an Ultrospec 10 cell density meter (Biochrom, Harvard
Biosience) placed in the anaerobic chamber. For aerobic cultures, optical
density at 660 nm was measured on a Jenway 7200 spectrophotometer (Bibby
Scientific).

Genome Sequencing and Assembly. The genome of Sch. japonicus CBS5679 was
sequenced using short-read and long-read sequencing technologies. Genomic
DNA was isolated with a Qiagen genomic DNA 100/G kit (Qiagen), with minor
modifications to the manufacturer's instructions. Detailed information on
DNA isolation and library preparation is provided in S/ Appendix. Short-read
whole-genome sequencing was performed on a MiSeq platform (lllumina).
Long-read sequencing was performed using the MinlON platform (Oxford
Nanopore Technologies). Base-calling was performed using Guppy version
2.1.3 (Oxford Nanopore Technologies) using dna_r9.4.1_450bps_flipflop.cfg.
Genome assembly was performed using Flye version 2.7.1-b167359 (87). Flye
contigs were polished using Pilon version 1.18 (88). The polished assembly was
annotated with Funannotate version 1.7.1 (89) using RNAseq data from bio-
projects PRINA53947 and PRJEB30918 as evidence of transcription, adding
functional information with Interproscan version 5.25-64.0 (90).
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