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30

Abstract

31

Biosynthesis of sterols, which are key constituents of canonical eukaryotic membranes, requires

32

molecular oxygen. Anaerobic protists and deep-branching anaerobic fungi are the only eukaryotes

33

in which a mechanism for sterol-independent growth has been elucidated. In these organisms,

34

tetrahymanol, formed through oxygen-independent cyclization of squalene by a squalene-

35

tetrahymanol cyclase, acts as a sterol surrogate. This study confirms an early report (Bulder

36

(1971), Antonie Van Leeuwenhoek, 37, 353–358) that Schizosaccharomyces japonicus is

37

exceptional among yeasts in growing anaerobically on synthetic media lacking sterols and

38

unsaturated fatty acids. Mass spectrometry of lipid fractions of anaerobically grown Sch. japonicus

39

showed the presence of hopanoids, a class of cyclic triterpenoids not previously detected in yeasts,

40

including hop-22(29)-ene, hop-17(21)-ene, hop-21(22)-ene and hopan-22-ol. A putative gene in

41

Sch. japonicus showed high similarity to bacterial squalene-hopene cyclase (SHC) genes and in

42

particular to those of Acetobacter species. No orthologs of the putative Sch. japonicus SHC were

43

found in other yeast species. Expression of the Sch. japonicus SHC gene (Sjshc1) in Saccharomyces

44

cerevisiae enabled hopanoid synthesis and supported ergosterol-independent anaerobic growth,

45

thus confirming that one or more of the hopanoids produced by SjShc1 can act as ergosterol

46

surrogate in anaerobic yeast cultures. Use of hopanoids as sterol surrogates represents a

47

previously unknown adaptation of eukaryotic cells to anaerobic growth. The fast sterol-

48

independent anaerobic growth of Sch. japonicus is an interesting trait for developing robust fungal

49

cell factories for application in anaerobic industrial processes.

50
51

Significance statement

52

Biosynthesis of sterols requires oxygen. This study identifies a previously unknown evolutionary

53

adaptation in a eukaryote, which enables anaerobic growth in absence of exogenous sterols. A

54

squalene-hopene cyclase, proposed to have been acquired by horizontal gene transfer from an

55

acetic acid bacterium, is implicated in a unique ability of the yeast Schizosaccharomyces japonicus

56

to synthesize hopanoids and grow in anaerobic, sterol-free media. Expression of this cyclase in S.
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57

cerevisiae confirmed that at least one of its hopanoid products acts as sterol-surrogate. The

58

involvement of hopanoids in sterol-independent growth of this yeast provides new leads for

59

research into the structure and function of eukaryotic membranes, and into the development of

60

sterol-independent yeast cell factories for application in anaerobic processes.

61
62

Introduction

63

Sterols are key constituents of canonical eukaryotic membranes, in which they influence integrity,

64

permeability and fluidity1,2. The core pathway for sterol biosynthesis is highly conserved but the

65

predominant final products differ for animals (cholesterol), plants (phytosterols) and fungi

66

(ergosterol)3. Multiple reactions in sterol biosynthesis require molecular oxygen and no evidence

67

for anaerobic sterol pathways has been found in living organisms or in the geological record3. The

68

first oxygen-dependent conversion in sterol synthesis is the epoxidation of squalene to

69

oxidosqualene by squalene monooxygenase. Oxidosqualene is subsequently cyclized to

70

lanosterol, the first tetracyclic intermediate in sterol biosynthesis, in an oxygen-independent

71

conversion catalysed by oxidosqualene cyclase (OSC). Molecular oxygen is also required for

72

multiple subsequent demethylation and desaturation steps4. In fungi, synthesis of a single

73

molecule of ergosterol from squalene requires 12 molecules of oxygen.

74

Deep-branching fungi belonging to the Neocallimastigomycota phylum are the only eukaryotes

75

that have been unequivocally demonstrated to naturally exhibit sterol-independent growth under

76

strictly anaerobic conditions. These anaerobic fungi contain a squalene-tetrahymanol cyclase

77

(STC), which catalyzes oxygen-independent cyclization of squalene to tetrahymanol5,6. This

78

pentacyclic triterpenoid acts as a sterol surrogate, and acquisition of a prokaryotic STC gene by

79

horizontal gene transfer is considered a key evolutionary adaptation of Neocalllimastigomycetes

80

to the strictly anaerobic conditions of the gut of large herbivores7. The reaction catalyzed by STC

81

resembles oxygen-independent conversion of squalene to hopanol and/or other hopanoids by

82

squalene-hopene cyclases (SHC)8, which are found in many prokaryotes9,10. Some prokaryotes
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83

synthesize tetrahymanol by ring expansion of hopanol, in a reaction catalyzed by tetrahymanol

84

synthase (THS) for which the precise mechanism has not yet been resolved11.

85

Already in the 1950s, anaerobic growth of the industrial yeast and model eukaryote

86

Saccharomyces cerevisiae was shown to strictly depend on sterol supplementation12 or use of

87

intracellular stores of this anaerobic growth factor13. Similarly, fast anaerobic growth of S.

88

cerevisiae, which is a key factor in its large-scale application in bioethanol production, wine

89

fermentation and brewing14,15, requires availability of unsaturated fatty acids (UFAs).

90

Biosynthesis of UFAs by yeasts requires an oxygen-dependent acyl-CoA desaturase16 and, in

91

anaerobic laboratory studies, the sorbitan oleate ester Tween 80 is commonly used as UFA

92

supplement13,17.

93

Per gram of yeast biomass, ergosterol and UFA synthesis require only small amounts of oxygen.

94

Studies on these oxygen requirements therefore require extensive measures to prevent

95

unintended oxygen entry into cultures. Even though most yeast species readily ferment sugars to

96

ethanol under oxygen-limited conditions, only very few grow anaerobically on sterol- and UFA-

97

supplemented

98

Neocallimastigomycetes, no evolutionary adaptations to sterol-independent anaerobic growth

99

have hitherto been reported for yeasts, or for ascomycete and basidiomycete fungi in general.

media

when

such

precautions

are

taken18,19.

As

opposed

to

100

We recently demonstrated that expression of an STC gene from the ciliate Tetrahymena

101

thermophila supported tetrahymanol synthesis and sterol-independent growth of S. cerevisiae20.

102

This result inspired us to re-examine a 1971 publication in which Bulder21 reported sterol- and

103

UFA-independent growth of the dimorphic fission yeast Schizosaccharomyces japonicus. Sch.

104

japonicus was originally isolated from fermented fruit juices22,23, and its potential for wine

105

fermentation is being explored24,25. It shows marked genetic and physiological differences with

106

other fission yeasts26,27 and has gained interest as a model for studying cell division dynamics and

107

hyphal growth28–30. Sch. japonicus grows well at elevated temperatures and rapidly ferments

108

glucose to ethanol31. A low sterol content, control of membrane fluidity via chain length of

109

saturated fatty acids and respiratory deficiency may all reflect adaptations of Sch. japonicus to
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110

low-oxygen environments21,31–33. However, the report by Bulder21 stating that Sch. japonicus can

111

grow anaerobically without sterol supplementation has not been confirmed or further

112

investigated.

113

An ability of Sch. japonicus to grow in the absence of an exogenous supply of sterols would raise

114

urgent questions on the molecular and evolutionary basis for this trait, which is extremely rare

115

among eukaryotes. Despite the current absence of experimental evidence, it has been proposed

116

that oxygen-independent sterol synthesis is theoretically possible34. Alternatively, sterol-

117

independent growth of Sch. japonicus might depend on synthesis of an as yet unidentified sterol

118

surrogate, or on membrane adaptations that involve neither sterols nor sterol surrogates. In

119

addition to these fundamental scientific questions, independence of anaerobic growth factors is a

120

relevant trait for large-scale industrial applications of yeasts, as exemplified by ‘stuck’ brewing

121

fermentations caused by depletion of intracellular sterols and/or UFA reserves35,36.

122

The goals of the present study were to reinvestigate the reported ability of Sch. japonicus to grow

123

anaerobically without sterol supplementation and to elucidate its molecular basis. In view of

124

reported challenges in avoiding oxygen contamination in laboratory cultures of yeasts19,20,37,38, we

125

first reassessed anaerobic growth and lipid composition of Sch. japonicus in the presence and

126

absence of ergosterol. After identifying a candidate SHC gene in Sch. japonicus, we investigated its

127

role in anaerobic growth by its expression in S. cerevisiae. In addition, we tested the hypothesis of

128

Bulder39 that Sch. japonicus is able to synthesize UFAs in an oxygen-independent pathway.

129
130

Results

131

Anaerobic growth of Sch. japonicus without ergosterol and UFA supplementation. In

132

anaerobic laboratory cultures of yeasts, biosynthetic oxygen requirements are easily obscured by

133

unintended entry of minute amounts of oxygen19,20,37,38. Furthermore, upon transfer from aerobic

134

to anaerobic conditions, some yeasts continue growing on media without sterols or UFAs by

135

mobilizing intracellular reserves20,37. To check if such complications affected conclusions from an

136

early literature report on sterol- and UFA-independent anaerobic growth of Sch. japonicus21, we
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137

performed serial-transfer experiments in an anaerobic chamber37 using phosphate-buffered

138

synthetic medium with glucose as carbon source (SMPD), with and without supplementation of

139

ergosterol and/or Tween 80 as source of UFAs.

140

To deplete reserves of sterols and/or UFAs in aerobically grown cells, anaerobic pre-cultures were

141

grown on SMPD with an increased glucose concentration (50 g L-1), and lacking ergosterol and

142

Tween 80. In these pre-cultures, growth of S. cerevisiae CEN.PK113-7D ceased after 4.8 doublings

143

(Figure 1A), when less than half of the glucose had been consumed (SI Appendix, Table S1). Under

144

the same conditions, Sch. japonicus CBS5679 completed 6.1 doublings (Figure 1B) and, while full

145

glucose depletion was intentionally avoided to prevent excessive flocculation and sporulation, it

146

had consumed almost 90 % of the glucose (SI Appendix, Table S1). Samples from the anaerobic

147

pre-cultures were transferred to SMPD (20 g L-1 glucose) supplemented with different

148

combinations of ergosterol and/or Tween 80. Consistent with earlier reports37, S. cerevisiae

149

showed virtually no anaerobic growth on SMPD without ergosterol and Tween 80 (Figure 1A). In

150

contrast, Sch. japonicus showed maximum specific growth rates of 0.26 to 0.30 h-1 and reached

151

optical densities of 4 to 5 in all media tested (Figure 1B; SI Appendix, Table S2). This anaerobic

152

growth was sustained upon two consecutive transfers in SMPD lacking either Tween 80,

153

ergosterol, or both (Figure 1B). These results confirmed Bulder’s21 conclusion that Sch. japonicus

154

can grow anaerobically in the absence of sterol and UFA supplementation. Remarkably, Sch.

155

japonicus grew substantially slower in aerobic cultures (0.19 h-1; SI Appendix, Figure S1) than in

156

anaerobic cultures (Figure 1B; SI Appendix, Table S2).

157
158

Absence of ergosterol and UFAs in anaerobically grown Sch. japonicus. To further investigate

159

sterol- and UFA-independent anaerobic growth of Sch. japonicus, lipid fractions were isolated

160

from anaerobic cultures and analyzed by gas chromatography with flame ionization detection

161

(GC-FID). UFAs were detected in aerobically grown biomass, but not in anaerobic cultures grown

162

on SMPD without Tween 80 supplementation (Figure 2; SI Dataset S01). These results showed

163

that fast anaerobic growth of Sch. japonicus on UFA-free medium did not, as suggested by Bulder39,
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164

reflect oxygen-independent UFA synthesis. Total fatty-acid contents of aerobically and

165

anaerobically grown biomass were similar, but anaerobically grown biomass showed higher

166

contents of FA 10:0, FA 16:0 and FA 18:0 and lower contents of FA 26:0. In aerobically grown Sch.

167

japonicus biomass, no FA 16:1 was detected and levels of FA 18:1 were higher than in Tween 80

168

supplemented anaerobic cultures (Figure 2).

169

S. cerevisiae biomass, grown anaerobically on SMPD with Tween 80 and ergosterol, was used as a

170

reference for analysis of triterpenoid compounds and contained squalene, ergosterol and a small

171

amount of lanosterol (Figure 3A). Similarly prepared triterpenoid fractions of anaerobic Sch.

172

japonicus cultures that were supplemented with only Tween 80 did not contain detectable

173

amounts of ergosterol or lanosterol. Instead, in addition to squalene, gas chromatography-mass

174

spectrometry (GC-MS) revealed several compounds that were not observed in anaerobically

175

grown S. cerevisiae (Figure 3B). We hypothesized that these compounds were as yet unidentified

176

triterpenoids synthesized by Sch. japonicus that might serve as sterol surrogates. Tetrahymanol,

177

which has not been found in wild-type yeasts but does occur in several other eukaryotes6,40,41, did

178

not match any of the detected peaks based on its relative retention time (RRT, with cholestane as

179

reference20).

180
181

Predicted Sch. japonicus proteins resemble bacterial squalene‐hopene cyclases. To identify

182

potential sources of triterpenoids in Sch. japonicus, amino acid sequences of three characterized

183

triterpene cyclases were used as queries to search the predicted proteomes of Sch. japonicus

184

strains yFS27526 and CBS5679. Specifically, sequences of an oxidosqualene cyclase (OSC) from

185

Sch. pombe42 (SpErg7; UniProt accession Q10231), a squalene-hopene cyclase (SHC) from

186

Acidocaldarius alicyclobacillus43 (AaShc; P33247), and a squalene-tetrahymanol cyclase (STC)

187

from Tetrahymena thermophila5,20 (TtThc1; Q24FB1), were used for a HMMER44 homology search.

188

For each Sch. japonicus strain, this search yielded a sequence with significant homology to OSC,

189

and another with significant homology to the SHC (Table 1). Consistent with the lipid analysis

190

results, neither strain yielded a clear STC homolog.
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191

To explore the phylogeny of the Sch. japonicus OSC and SHC homologs, SpErg7, AaSHC, and TtThc1

192

were used as queries for HMMER searches against all eukaryotic and all bacterial protein

193

sequences in Universal Protein Resource (UniProt) reference proteomes (see SI Appendix, Table

194

S3 for additional sequences obtained from TrEMBL). This search yielded 1480 eukaryotic and 348

195

bacterial cyclase homologs from a total number of 764 and 1826 species, respectively (SI Dataset

196

S02). Sequences of cyclase homologs from 28 eukaryotic and 20 bacterial ‘species of interest’ were

197

further analyzed. These species (Table S3) were either deep-branching anaerobic fungi45,

198

Schizosaccharomycetes26 or species included in a previous publication on phylogeny of triterpene

199

cyclases46. The selected cyclase homologs (SI Dataset S03) were subjected to multiple sequence

200

alignment and used to generate a maximum-likelihood phylogenetic tree (Figure 4; SI Dataset

201

S04).

202

The systematic search for triterpene cyclase homologs and subsequent phylogenetic analysis

203

showed that the putative Sch. japonicus SHC sequences (SCHJC_C003990 from CBS5679, and

204

B6K412 from yFS275) are related to bacterial SHCs, with sequences from Acetobacter spp.

205

(A0A0D6N754 from A. indonesiensis 5H-1, and A0A0D6NG57 from A. orientalis 21F-2) as closest

206

relatives (Figure 4). To check if this conclusion was biased by the selection of sequences from

207

species of interest, the putative SHC sequence SCHJC_C003990 from Sch. japonicus CBS5679 was

208

used as query for a second HMMER search of either the eukaryotic or the bacterial databases

209

described above. The resulting E-values distribution (Figure 4A; SI Dataset S05) showed a strong

210

overrepresentation of low E-values among prokaryotic sequences. Sequences of two Acetobacter

211

species, A0A0D6NG57 from A. orientalis 21F-2 and A0A0D6N754 from A. indonesiensis 5H-1,

212

showed 67.9 % and 66.9 % sequence identity, respectively, and yielded zero E-values in this

213

search. In contrast, E-value distributions obtained with the putative OSC sequence

214

SCHJC_A005630 from Sch. japonicus CBS5679 as query showed an overrepresentation of low E-

215

values among eukaryotic sequences (Figure 4B).

216

No SHC homologs were found in the predicted proteomes of Schizosaccharomycetes other than

217

Sch. japonicus, nor in those of 371 Saccharomycotina yeast species included in the eukaryotic
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218

UniProt database. Acquisition of an STC-encoding DNA sequence from bacteria has been proposed

219

as a key event in the evolution of strictly anaerobic fungi46. Since the putative Sch. japonicus SHC

220

homologs did not show homology with STCs from those deep-branching fungi or from ciliates

221

(Figure 4), acquisition of a bacterial SHC-encoding DNA sequence by an ancestor of Sch. japonicus

222

could represent an independent eukaryotic adaptation to an anaerobic lifestyle.

223
224

Sch. japonicus synthesizes hopanoids. Since SHCs can catalyze the conversion of squalene to

225

various polycyclic triterpenoids47,48, we assessed whether the unidentified components in

226

triterpenoid fractions of anaerobically grown Sch. japonicus (Figure 3B) were hopanoids. GC-MS

227

analysis of biomass samples (Figure 3C-F; SI Appendix Table S4, SI Dataset S06) yielded 8 distinct

228

analytes that were detected in Sch. japonicus (Figure 3B) but not in S. cerevisiae CEN.PK113-7D

229

(Figure 3A). Squalene epoxide (compound 3) was identified based on relative retention time and

230

spectral matching with authentic standard material as previously described49, and hop-22(29)-

231

ene (diploptene, compound 12) was identified similarly (Figure 3D). For the remaining six

232

compounds, structures were explored based on published mass spectra of hopanoids50 (Figure 3;

233

SI Appendix Table S4, SI Dataset S06). A fragment ion with a mass-charge ratio (m/z) of 191, which

234

is present in mass spectra of many hopanoids and frequently as the base peak50, was detected for

235

compounds 4, 13 and 14 (Figure 3C, E and F) and comparison with published data putatively

236

identified

237

respectively11,50. Mass and retention-time shifts caused by silylation51 were investigated (Figure

238

3) and confirmed presence of the hydroxy group of diplopterol (Figure 3B; 14 and 15) in the Sch.

239

japonicus biomass, as well as those of the sterols (Figure 3A; 6 and 7, 10 and 11) in the S. cerevisiae

240

samples. A small peak at the retention time of unsilylated diplopterol was tentatively attributed

241

to steric hindrance by the tertiary-alcohol context of its hydroxy group. In the chromatograms

242

representing silylated triterpenoids of S. cerevisiae, small additional peaks at retention times of

243

16.0 min and 16.6 min were attributed to ergosta-5,7,22-trien-3β-ol (also detected in the

244

commercial ergosterol preparation used for supplementation of anaerobic growth media; SI

them

as

hop-17(21)-ene,

hop-21(22)-ene

and

hopan-22-ol

(diplopterol),
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245

Appendix, Figure S2) and fecosterol, an intermediate of ergosterol biosynthesis52, respectively

246

(Figure 3A).

247

Compound 5 showed the characteristic base peak of m/z 191 and a molecular ion of m/z 428,

248

pointing towards a hydroxylated structure analogous to diplopterol, but was not readily silylated.

249

For substances 8 and 9, the ion at m/z 410 suggests an unsubstituted triterpene which is

250

unaffected by silylation, with retention times similar to those of other identified hopenes (Figure

251

3B). The corresponding base peaks of m/z 259 and 243 were previously reported for polycyclic

252

triterpenoids with a different backbone configuration than those of substances 4, 12 and 1353.

253

However, the precise structure of compounds 5, 8 and 9 could not be identified with a high degree

254

of certainty. All acquired mass spectra are shown in SI Dataset S06.

255

The newly identified compounds were quantified by GC-FID analysis in biomass samples of

256

anaerobic Sch. japonicus cultures supplemented with different combinations of Tween 80 and

257

ergosterol. The detection of ergosterol in biomass from anaerobic cultures grown in the presence

258

of this compound indicated that Sch. japonicus is able to import sterols (Figure 5A). Except for the

259

presence and absence of ergosterol, the triterpenoid composition of anaerobically grown biomass

260

was not markedly affected by the supplementation of ergosterol and/or Tween 80. In addition,

261

analyses were performed on aerobically grown Sch. japonicus to investigate whether hopanoid

262

synthesis in this yeast is affected by oxygen availability. This experiment confirmed the ability of

263

Sch. japonicus strain CBS5679 to synthesize ergosterol (Figure 5A). Aerobically grown biomass

264

showed a 3.5-fold higher squalene content than biomass grown in anaerobic cultures without

265

Tween 80 and ergosterol, while its hopanoid content was 4-fold lower (Figure 5A; SI Dataset S01).

266

These observations suggest that oxygen availability may regulate triterpenoid synthesis in Sch.

267

japonicus.

268
269

Expression of Sch. japonicus squalene‐hopene cyclase supports sterol‐independent

270

anaerobic growth of S. cerevisiae. To investigate if the putative squalene-hopene-cyclase gene

271

of Sch. japonicus CBS5679 (Sjshc1) was responsible for hopanoid synthesis, its coding sequence
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272

was codon optimized and expressed in the Cas9-expressing S. cerevisiae strain IMX2600. Growth

273

and triterpenoid production of the resulting strain IMX2616 (sga1Δ::Sjshc1; SI Appendix, Table

274

S6) was studied in anaerobic shake-flask cultures. After an anaerobic pre-culture for depletion of

275

cellular reserves of sterols and/or hopanoids, neither the reference strain S. cerevisiae

276

CEN.PK113-7D nor the strain carrying the Sjshc1 expression cassette grew on SMPD without

277

ergosterol and Tween 80 (Figure 6). On SMPD with only Tween 80, S. cerevisiae CEN.PK113-7D

278

reached an optical density of 0.7 after 33 h (Figure 6A), at which point approximately 70 % of the

279

initially present glucose remained unused (SI Appendix; Table S5). In contrast, S. cerevisiae

280

IMX2616 (sga1Δ::Sjshc1) reached an optical density of 2.1 after the same time period (Figure 6B),

281

at which point 98 % of the initially added glucose had been consumed (SI Appendix; Table S5),

282

and showed sustained anaerobic growth upon transfer to a second flask containing the same

283

medium (Figure 6B). Upon termination of the experiments after 58 h, the OD600 of the S. cerevisiae

284

CEN.PK113-7D cultures had increased to 1.1. Similar very slow growth in sterol-free media was

285

previously attributed to minute oxygen leakage20.

286

To investigate whether S. cerevisiae IMX2616 (sga1Δ::Sjshc1) produced the same hopanoid

287

compounds as Sch. japonicus CBS5679, biomass was harvested from anaerobic shake-flask

288

cultures grown on SMDP with Tween 80. Analysis of the triterpenoid fraction by GC-MS and GC-

289

FID showed the same hopanoids that were detected and identified in Sch. japonicus strain

290

CBS5679 (SI Appendix; Figure S3), albeit in smaller amounts (Figure 5B; SI Dataset S01). The only

291

sterol identified in these samples was lanosterol. Synthesis of small quantities of this first

292

tetracyclic intermediate of ergosterol biosynthesis by S. cerevisiae strains has been attributed to

293

small oxygen leakages into anaerobic cultivation systems20.

294

In some prokaryotes, SHC is involved in a pathway for tetrahymanol production, in which a

295

tetrahymanol synthase converts hopene into tetrahymanol11. To investigate whether such a two-

296

step pathway for tetrahymanol synthesis can be engineered in S. cerevisiae, a codon-optimized

297

expression cassette for the Methylomicrobium alcaliphilum11 gene encoding THS (locus tag

298

MEALZ_1626; referred to as Maths) was integrated at the X-2 locus54 in strain IMX2616
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(sga1∆::Sjshc1), yielding strain IMX2629 (sga1Δ::Sjshc1 X‐2::Maths; SI Appendix, Table S6).

300

Anaerobic growth and sugar consumption rates of these two S. cerevisiae strains were similar

301

(Figures 6B and 6C; SI Appendix, Table S5). Tetrahymanol was detected in anaerobically grown

302

biomass of strain IMX2629, but not of strain IMX2616 (Figure 5C; SI Appendix, Figure S4).

303

Together, these results confirm that Sjshc1 encodes a bona fide SHC, at least one of whose

304

hopanoid products can act as sterol surrogate in anaerobic yeast cultures.

305
306

Discussion

307

Research on obligately anaerobic fungi belonging to the phylum Neocallimastigomycota has

308

dispelled the notion that sterols are indispensable components of all eukaryotic membranes.

309

Growth studies linked the ability of these fungi to maintain proper membrane function in the

310

absence of oxygen or exogenous sterols to their ability to synthesize the triterpenoid sterol

311

surrogate tetrahymanol41,46. A recent study on expression of squalene-tetrahymanol cyclase in the

312

model eukaryote S. cerevisiae19 confirmed that tetrahymanol synthesis is not only required but

313

also sufficient for sterol-independent growth. Inspired by a half-century old, intriguing

314

publication by Bulder21 on the yeast Sch. japonicus, the present study uncovered a different

315

eukaryotic adaptation to circumvent oxygen requirements for sterol biosynthesis.

316

GC-MS analysis identified several hopanoids in anaerobically grown Sch. japonicus CBS5679

317

(Figure 3; SI Appendix, Table S4) that were subsequently also detected in an S. cerevisiae strain

318

expressing a codon-optimized Sch. japonicus ORF with sequence homology to known prokaryotic

319

squalene hopene cyclase (SHC) genes (Figure 6; SI Appendix, Figure S4). These results indicate

320

that product diversity originated from the Sch. japonicus Sjshc1-encoded SHC, rather than from

321

additional enzyme-catalyzed modifications. Formation of multiple products is consistent with

322

reports on triterpenoid extracts of bacterial hopanoid producers and product spectra of purified

323

bacterial SHCs55,56. For example, analysis of triterpenoids in Zymomonas mobilis biomass revealed

324

a number of minor hopene variants, in addition to diploptene and diplopterol, whose synthesis

325

was attributed to deviation from the regular cyclization process57.
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Functional SHC enzymes and hopanoid synthesis have been found in ferns58,59 and putative SHC

327

proteins have been identified in several filamentous fungi60,61 (Figure 4). Although Sch. japonicus

328

is therefore not unique among eukaryotes in containing an SHC, hopanoid synthesis has not

329

previously been found in yeasts or associated with sterol-independent anaerobic growth of

330

eukaryotes. No putative SHC genes were found in other Schizosaccharomyces species, nor in more

331

distantly related yeasts. Confinement to a single yeast species and a strong similarity with putative

332

SHC sequences from Acetobacter species identifies horizontal gene transfer (HGT) from acetic acid

333

bacteria as a highly plausible evolutionary origin of Sjshc160. Similar HGT events have been

334

implicated in acquisition of squalene-tetrahymanol cyclase during transitions of eukaryotic

335

lineages from aerobic to anaerobic lifestyles46,60. The independent acquisition of different

336

squalene-cyclase genes by phylogenetically distant eukaryotes represents a remarkable case of

337

convergent evolution towards an anaerobic eukaryotic lifestyle.

338

In the absence of efficient procedures for genetic modification of Sch. japonicus CBS567962, the

339

role of one or more hopanoids as sterol surrogates was confirmed by heterologous expression of

340

Sjshc1 in S. cerevisiae, which enabled anaerobic growth under ergosterol-depleted conditions

341

(Figure 6). This positive impact on growth of a yeast in an anaerobic, sterol-free environment

342

illustrates how the mere acquisition of an SHC gene by HGT may have benefited an ancestor of

343

Sch. japonicus. However, ergosterol-independent anaerobic growth of the Sjshc1-expressing S.

344

cerevisiae strain, as well as that of a strain that co-expressed Sjshc1 with a bacterial tetrahymanol

345

synthase from M. alkaliphilum11 was much slower than that of Sch. japonicus and of ergosterol-

346

supplemented S. cerevisiae cultures37 (Figure 6). A reduced specific growth rate in sterol-free

347

media was previously also observed for S. cerevisiae and Kluyveromyces marxianus strains

348

expressing a squalene-tetrahymanol cyclase gene from the ciliate T. thermophila20,63.

349

Our results confirm the report by Bulder21 that Sch. japonicus does not require supplementation

350

of unsaturated fatty acids (UFAs) for anaerobic growth. However, we did not find evidence for his

351

hypothesis that this yeast is capable of oxygen-independent UFA synthesis39. Instead, in

352

comparison with UFA-supplemented cultures, cultivation in UFA-free medium led to a reduction
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353

of the average chain length of saturated fatty acids (SFA; Figure 2). A similar shift in SFA

354

composition has been observed during slow UFA-independent anaerobic growth of S. cerevisiae

355

CEN.PK113-7D37 and in membranes of anaerobically grown cultures of the dimorphic fungus

356

Mucor rouxii64.

357

Our results indicate that its membrane composition and/or membrane architecture enable Sch.

358

japonicus to maintain a much faster growth rate than S. cerevisiae upon sterol replacement by

359

hopanoids, as well as in the absence of UFAs. A recent study on membrane properties of Sch.

360

japonicus and the more closely related yeast Sch. pombe showed a higher membrane stiffness and

361

lipid packing in Sch. japonicus as well as generally shorter and more saturated fatty acid residues

362

than found in Sch. pombe33. Further research should resolve the impact of hopanoids on

363

membrane properties of Sch. japonicus. In bacteria, hopanoids have been implicated in tolerance

364

to external stresses such as non-optimal temperature and pH, and the presence of

365

antimicrobials65–67. Elucidating how sterol surrogates interact with other membrane components,

366

including proteins, and thereby influence membrane functionality can contribute to a deeper

367

insight in microbial adaptation to anaerobic environments and to physicochemical stress factors.

368

In addition, such studies will contribute to the design of membrane engineering strategies aimed

369

at the construction of robust industrial strains of S. cerevisiae and other yeasts for application in

370

anaerobic fermentation processes.

371
372

Materials and methods

373

Strains, media and maintenance. Schizosaccharomyces japonicus CBS5679 was obtained from

374

the Westerdijk Institute (Utrecht, The Netherlands). Saccharomyces cerevisiae strains used and

375

constructed in this study belonged to the CEN.PK lineage68,69 (SI Appendix, Table S5). Yeast strains

376

were propagated in YPD and stored at -80°C after addition of 30 % sterile glycerol20. To avoid

377

sexual co-flocculation70 of Sch. japonicus CBS5679, carbon source depletion in pre-cultures was

378

prevented and buffered synthetic media were used in all growth studies. Yeasts were grown on

379

synthetic medium with ammonium as nitrogen source71 with an increased concentration of
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380

KH2PO4 (14.4 g L-1, SMP72). Unless otherwise indicated, glucose was added from a concentrated

381

stock solution, separately autoclaved at 110°C, to a concentration of 20 g L-1 (SMPD). Where

382

indicated, SMPD was supplemented with Tween 80 (polyethylene glycol sorbitan monooleate;

383

Merck, Darmstadt, Germany) and/or ergosterol (≥95 %; Sigma-Aldrich, St. Louis, MO) at

384

concentrations of 420 mg L-1 and 10 mg L-1, respectively, from a sterile 800-fold concentrated

385

stock solution37. Bacto Agar (BD Biosciences, 20 g L-1) was added to prepare solid media. The

386

counter-selectable amdS-marker was used as described previously73. Strains with geneticin,

387

hygromycin or nourseothricin resistance were selected by supplementing YPD with 200 mg L-1

388

geneticin (G418), 100 mg L-1 hygromycin B (hygB) or 100 mg L-1 nourseothricin (ClonNAT),

389

respectively.

390

Molecular biology techniques. Open-reading frames of a putative squalene-hopene-cyclase gene

391

(SHC; SCHJC_C003990) from Sch. japonicus CBS5679 and of a Methylomicrobium alkaliphilum

392

tetrahymanol synthase gene (Genbank Accession number CCE23313) were codon-optimized for

393

use in S. cerevisiae with the GeneOptimizer algorithm (GeneArt, Regensburg, Germany)74. DNA

394

fragments for plasmid construction were amplified with Phusion High-Fidelity DNA Polymerase

395

(Thermo Scientific, Waltham, MA) as specified by the manufacturer, using PAGE-purified

396

oligonucleotide primers (Sigma-Aldrich). Diagnostic PCR was performed with DreamTaq PCR

397

Master Mix (Thermo Scientific), according to the manufacturer’s protocol using desalted

398

oligonucleotides (Sigma-Aldrich). PCR-amplified linear integration cassettes were purified from

399

1 % (w/v) agarose gels (TopVision Agarose, Thermo Fisher) with TAE buffer (Thermo Fisher)

400

using a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Assembly of DNA fragments

401

was performed with Gibson Assembly Master Mix (New England Biolabs, Ipswich, MA). E. coli XL-

402

1 Blue cells (Agilent Technologies, Santa Clara, CA) were transformed with assembled plasmids

403

according to the provider’s instructions and stored at -80 °C. S. cerevisiae was transformed with

404

the lithium-acetate method75 and marker-less CRISPR/Cas9-based genome editing of S. cerevisiae

405

was performed as described previously76. Transformants were selected on YPD-CloNAT, YPD-

406

G418 or YPD-hygB agar for IMX2600, IMX2616 and IMX2629 respectively with subsequent
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407

isolation of single-cell lines by three consecutive re-streaks. Plasmids and oligonucleotides used

408

are listed in SI Appendix, Tables S7 and S8, respectively.

409

Plasmid and strain construction. All S. cerevisiae strains that were used and constructed in this

410

study are listed in SI Appendix, Table S6. A S. cerevisiae strain suitable for marker-less genome

411

editing76 was constructed by integrating of expression cassettes for Spcas9 and the natNT2 marker

412

gene in the CAN1 locus of S. cerevisiae CEN.PK113-7D. Transformation of CEN.PK113-7D with

413

2000 ng and 900 ng of the Spcas9 and natNT2 cassettes respectively, yielded strain IMX2600.

414

These integration cassettes were amplified from p414-TEF1p-cas9-CYC1t77 and pUG-natNT278,

415

respectively, using primer pairs 2873/4653 and 3093/5542. Expression cassettes for the putative

416

SHC-gene of Sch. japonicus (Sjshc1) and the THS-gene from M. alcaliphilum (locus tag

417

MEALZ_1626; referred to as Maths) used the S. cerevisiae TEF1 promoter and CYC1 terminator, or

418

TDH3 promoter and ADH1 terminator sequences, respectively. Codon-optimized coding

419

sequences were first amplified from plasmids pUD1151 and pUD1150 using primer pairs

420

15100/15101 and 17519/17520, respectively. The p426TEF and pUD63 backbones were

421

linearized using primer pairs 5921/10547 and 10546/3903, respectively. Gibson assembly of the

422

linearized p426TEF-backbone and Sjshc1-insert resulted in plasmid pUD1059, and assembly of

423

the pUD63-backbone and Maths-insert resulted in plasmid pUDE1060. The expression cassettes

424

for the Sjshc1-gene and Maths-gene were then amplified from these plasmids using primer pairs

425

15002/15003 and 9034/17521, respectively. The Sjshc1‐construct was integrated in the SGA1

426

locus of S. cerevisiae IMX2600 by co-transformation with 500 ng of the linear fragment and 500

427

ng of the SGA1-targeting plasmid pUDR119, resulting in S. cerevisiae IMX2616. Correct integration

428

was verified by diagnostic PCR using primers 7298/7479 (both binding outside the SGA1 locus)

429

and 7298/15103 and 7479/15102 (binding outside of the integration locus and inside of the

430

heterologous SHC-gene). To target the X-2 locus, pUDR538 was constructed by Gibson assembly

431

of the backbone of pROS12, linearized with primer 6005, and a 2μm cassette amplified from

432

pROS12 with primer 10866. The Maths-gene was subsequently integrated in the X-2 locus54 of S.

433

cerevisiae strain IMX2616 by co-transformation with 500 ng of the linear cassette and 500 ng of
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434

the X-2 targeting plasmid pUDR538, resulting in strain IMX2629. Correct integration was verified

435

by diagnostic PCR using primers 7376/7377 (both binding outside the X-2 locus) and

436

7376/17523 and 7377/17522 (binding outside of the integration locus and inside of the

437

heterologous THS gene).

438

Aerobic shake‐flask cultivation. Aerobic cultivation on SMPD was performed in 500-mL shake

439

flasks with a working volume of 100 mL. A pre-culture was inoculated from a frozen stock culture

440

and, after overnight incubation, transferred to a second pre-culture. Upon reaching mid-

441

exponential phase, cells were transferred to fresh SMPD and optical density was monitored at 660

442

nm. All experiments were performed in duplicate. Light-induced flocculation of Sch. japonicus79

443

was prevented by wrapping flasks in aluminium foil.

444

Anaerobic shake‐flask cultivation. Anaerobic chamber experiments were performed as

445

previously described37, using 100-mL shake flasks containing 80 mL of medium. The anaerobic

446

chamber was placed in a mobile darkroom, which was only illuminated with red LEDs80 during

447

sampling. An aerobic pre-culture on SMPD was used to inoculate an anaerobic pre-culture on

448

SMPD with an increased glucose concentration of 50 g L-1, which was grown until the end of the

449

exponential phase. Samples from these pre-cultures were then used to inoculate experiments on

450

regular SMPD supplemented with either Tween 80 and ergosterol, only Tween 80 or ergosterol,

451

or neither. All growth experiments were performed by monitoring optical density at 600 nm in

452

independent duplicate cultures.

453

Analytical methods. High-performance liquid chromatography was used to analyze extracellular

454

metabolite concentrations as described previously81. Extraction of fatty acids and triterpenoids

455

and quantitative analysis by gas-chromatography with flame ionization detection (GC-FID) was

456

performed as previously described20,37. The GC-FID system was calibrated for hop-22(29)-ene

457

(Sigma Aldrich, 0.1 mg mL-1 in isooctane) using a 6-point calibration, and this calibration curve

458

was additionally used for quantification of other detected hopanoid compounds. For anaerobic

459

cultures, optical density at 600 nm was measured with an Ultrospec 10 cell density meter

460

(Biochrom, Harvard Biosience, Holliston, MA) placed in the anaerobic chamber. In aerobic
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461

cultures, optical density at 660 nm was measured on a Jenway 7200 spectrophotometer (Bibby

462

Scientific, Staffordshire, UK).

463

For gas chromatography-mass spectrometry (GC-MS) analysis, a Varian 3800 gas chromatograph

464

with a CombiPal autosampler (CTC Analytics, Zwingen, Switzerland) was coupled with a Saturn

465

2200 ion trap MS with a Varian 1177 injector set in 1:3 split mode (Varian, Darmstadt, Germany)

466

controlled by Varian Workstation 6.9 SP 1 software. An Agilent VF 5ms (Agilent Technologies)

467

capillary column of 30 m length with a 10 m EZ Guard column (0.25 mm internal diameter and

468

0.25 μm film thickness) was used with an inlet temperature of 250 °C, and an injection volume of

469

1 µL (splitless time 1.0 min). Helium (99.999%; Air Liquide, Düsseldorf, Germany) was used as

470

carrier gas at a constant flow rate of 1.4 mL min-1. The GC oven started at 55 °C (1.0 min hold),

471

ramped up to 260 °C at 50 °C min-1, followed by a gradient of 4 °C min-1 up to 320 °C (hold time

472

3.9 min). The total run time was 24.0 min. The transfer line temperature was set at 270 °C and the

473

ion-trap temperature was 200 °C. The ion trap was operated in two segments. The mass

474

spectrometer (MS) was switched off (solvent delay) for the first 10 min, and from 10 to 24 min

475

the MS scanned at a mass range from 50 to 600 m/z (EI, 70 eV). Data analyses were carried out

476

with the Agilent MassHunter Workstation Software package B.08.00 (Agilent Technologies).

477

Triterpenoid compounds were identified by comparison with commercial references20,51 or

478

literature

479

trimethylsilylimidazole (TSIM) and N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) were

480

purchased from Macherey-Nagel (Düren, Germany). The primary secondary amine (PSA) for

481

dispersive solid phase extraction (dSPE) was acquired from Agilent Technologies. Ergosterol (≥

482

95.0%), 5α-cholestane (≥ 97.0%) and hop-22(29)-ene (0.1 mg/mL in isooctane, analytical

483

standard) were obtained from Sigma-Aldrich. Other reagents and solvents were purchased in

484

HPLC-grade or pro-analysis quality from Sigma-Aldrich and all consumables were from VWR

485

(Ismaning, Germany). 8 mg of freeze-dried yeast biomass was mixed with 2 M NaOH to obtain a

486

final concentration of 4 mg biomass mL-1. Subsequent procedures were performed as described

487

previously51, with slight modifications. After saponification, the suspension was divided in two

data11,50.

Autosampler

vials

and

caps

and

the

silylation

reagents

N-
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488

microcentrifuge tubes (2 × 500 µL). 650 µL of distilled methyl-tert-butylether (MtBE) and 100 µL

489

of internal standard solution (5α-cholestane in MtBE, 10 µg mL-1) were added to each sample. The

490

mixtures were shaken well for 1 min and centrifuged at 9000 × g for 5 min. The organic upper

491

layer was transferred into a new 2.0 mL plastic microcentrifuge tube containing 40 ± 2 mg of a

492

mixture (7:1) of anhydrous sodium sulfate and primary secondary amine (PSA). The mixture was

493

extracted a second time in the same manner with another 750 µL of MtBE. The combined organic

494

extracts were vigorously shaken for 1 min, followed by a centrifugation step (5 min, 9000 × g). 1

495

mL of the purified upper layer was then transferred into a brown glass vial and concentrated to

496

dryness under a stream of nitrogen. One residue was dissolved in 700 µL of MtBE and 50 µL of

497

silylation reagent mixture MSTFA/TSIM (9:1) was added. The other residue was dissolved in 750

498

µL of MtBE before analysis.

499

Genome sequencing and assembly. The genome of Sch. japonicus CBS5679 was sequenced using

500

short-read and long-read sequencing technologies. Genomic DNA was isolated with a Qiagen

501

genomic DNA 100/G kit (Qiagen, Hilden, Germany) with modifications to the ‘Part I sample

502

preparation and lysis protocol for yeast’ of the manufacturer’s instructions. Yeast cells were

503

harvested by centrifugation (10 min at 3700 × g) from 100 mL overnight cultures on YPD.

504

Zymolyase incubation was replaced by freezing yeast pellets in liquid nitrogen, manual grinding

505

and resuspension in buffer G2 with RNAse A. Incubation with Proteinase K was extended to 3 h.

506

Further steps were as described in the manufacturer’s protocol. DNA quantity was measured on

507

a Qubit Fluorometer (Invitrogen, Carlsbad, CA) using a QuBit BR dsDNA Assay kit (Invitrogen).

508

For short read sequencing, 150 bp paired-end libraries were prepared with a Nextera DNA Flex

509

Library Prep kit (Illumina, San Diego, CA) according to the manufacturer’s instructions and whole-

510

genome sequencing was performed on an in-house MiSeq platform (Illumina). For long-read

511

sequencing, genomic libraries were prepared using the 1D Genomic DNA by ligation (SQK-

512

LSK109, Oxford Nanopore Technologies, Oxford, UK) according to the manufacturer’s

513

instructions, with the exception of the ‘End Repair/dA-tailing module’ step during which the

514

ethanol concentration was increased to 80 % (v/v). Quality of flow cells (R9 chemistry flow cell
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515

FLO-MIN106, Oxford Nanopore Technologies) was tested with the MinKNOW platform QC

516

(Oxford Nanopore Technologies). Flow cells were prepared by removing 20 μL buffer and

517

subsequently primed with priming buffer. The SQK-LSK109 DNA library was loaded dropwise into

518

the flow cell and sequenced for 48 h. Base-calling was performed using Guppy v2.1.3 (Oxford

519

Nanopore Technologies) using dna_r9.4.1_450bps_flipflop.cfg. Genome assembly was performed

520

using Flye v2.7.1-b16735982. Flye contigs were polished using Pilon v1.1883. The polished

521

assembly was annotated with Funannotate v1.7.184 using RNAseq data from bioprojects

522

PRJNA53947 and PRJEB30918 as evidence of transcription, adding functional information with

523

Interproscan v5.25-64.085.

524

Sequence homology search and phylogenetic analyses. Eukaryotic and bacterial amino acid

525

sequence databases were built from UniProtKB reference proteomes (Release 2019_02) using the

526

taxonomic divisions (taxids) shared with databases from the National Center for Biotechnology

527

Information (NCBI). Only amino acid sequences from reference or representative organisms

528

having genome assemblies at chromosome or scaffold level according to the NCBI genomes

529

database (Release 2019_03) were included. Table S3 (SI Appendix) indicates proteomes from

530

species of interest, which were included in the corresponding databases obtained from the

531

UniProt TrEMBL division. The Sch. japonicus CBS5679 proteome was obtained in this study and

532

consequently not available from UniProt at the time of analysis. Amino acid sequences of an

533

oxidosqualene cyclase (OSC) from Sch. pombe42 (SpErg7; UniProt accession Q10231), a squalene-

534

hopene cyclase (SHC) from Acidocaldarius alicyclobacillus43 (AaShc; P33247), and a squalene-

535

tetrahymanol cyclase (STC) from Tetrahymena thermophila5,20 (TtThc1; Q24FB1) were used as

536

queries for a HMMER344 homology search. HMMER hits with an E-value below 1×10-5 and a total

537

alignment length (query coverage) exceeding 75 % of the query sequence were considered

538

significant. The taxids of 28 eukaryotic and 20 bacterial species of interest (SI Appendix, Table S3)

539

were used to select sequences from all significant bacterial and eukaryotic HMMER hits obtained

540

using the three cyclase sequences as queries. This procedure yielded 128 sequences (45 bacterial,

541

83 eukaryotic) including the 10 HMMER hits with the lowest E-values obtained by using either
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542

SjErg7 or SjShc1 as queries against the bacterial and eukaryotic databases (SI Dataset S02). These

543

128 sequences were subjected to multiple sequence alignment using MAFFT v7.40286 in “einsi”

544

mode. Alignments were trimmed using trimAl v1.287 in “gappyout” mode, and used to build a

545

phylogenetic tree with RAxML-NG v0.8.188 using 10 random and 10 parsimony starting trees, 100

546

Felsestein Bootstrap replicates, and PROTGTR+FO model. The final, midrooted tree provided in SI

547

Dataset S03 was visualized using iTOL89.

548
549

Data availability

550

Whole-genome sequencing data for Sch. japonicus CBS5679 have been deposited under the

551

BioProject accession PRJNA698797 in NCBI.

552
553

Acknowledgements

554

This work was funded by an Advanced Grant of the European Research Council to JTP (grant

555

694633). We gratefully acknowledge Jasmijn Hassing for constructing strain IMX2600, and Nicolo

556

Baldi for the construction of plasmid pUDR538. We thank our colleagues in the Industrial

557

Microbiology group of TU Delft for stimulating discussions.

558
559

References

560

1. L.W. Parks, S.J. Smith, J.H. Crowley. Biochemical and physiological effects of sterol alterations in

561

yeast - A review. Lipids. 30(3), 227–230 (1995).

562

2. D. Lingwood, K. Simons. Lipid rafts as a membrane organizing principle. Science. 327, 46–50

563

(2010).

564

3. R.E. Summons, A.S. Bradley, L.L. Jahnke, J.R. Waldbauer. Steroids, triterpenoids and molecular

565

oxygen. Philos Trans R Soc Lond B Biol Sci. 361, 951–968 (2006).

566

4. J.F. Liu, J.J. Xia, K.L. Nie, F. Wang, L. Deng. Outline of the biosynthesis and regulation of ergosterol

567

in yeast. World J Microbiol Biotechnol. 35, 98 (2019).

568

5. J. Saar, J.-C. Kader, K. Poralla, G. Ourisson. Purification and some properties of the squalene-

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

569

tetrahymanol cyclase from Tetrahymena thermophila. Biochim Biophys Acta. 1075(1), 93–101

570

(1991).

571

6. P. Kemp, D.J. Lander, C.G. Orpin. The lipids of the rumen fungus Piromonas communis. J Gen

572

Microbiol. 130(1), 27–37 (1984).

573

7. C.L. Murphy, N.H. Youssef, R.A. Hanafy, M.B. Couger, J.E. Stajich, et al. Horizontal gene transfer

574

as an indispensable driver for evolution of Neocallimastigomycota into a distinct gut-dwelling

575

fungal lineage. Appl Environ Microbiol. 85(15), e00988-19 (2019).

576

8. I. Abe. Enzymatic synthesis of cyclic triterpenes. Nat Prod Rep. 24, 1311–1331 (2007).

577

9. G. Ourisson, M. Rohmer, K. Poralla. Prokaryotic hopanoids and other polyterpenoid sterol

578

surrogates. Annu Rev Microbiol. 41, 301–333 (1987).

579

10. M. Rohmer, P. Bouvier-Nave, G. Ourisson. Distribution of hopanoid triterpenes in prokaryotes.

580

J Gen Microbiol. 130(5), 1137–1150 (1984).

581

11. A.B. Banta, J.H. Wei, P. V. Welander. A distinct pathway for tetrahymanol synthesis in bacteria.

582

Proc Natl Acad Sci U S A. 112(44), 13478–13483 (2015).

583

12. A.A. Andreasen, T.J.B. Stier. Anaerobic nutrition of Saccharomyces cerevisiae I. Ergosterol

584

requirement for growth in a defined medium. J Cell Comp Physiol. 41(1), 271–281 (1953).

585

13. A.A. Andreasen, T.J.B. Stier. Anaerobic nutrition of Saccharomyces cerevisiae II. Unsaturated

586

fatty acid requirement for growth in a defined medium. J Cell Comp Physiol. 43(3), 271–281

587

(1953).

588

14. E. Holm Hansen, P. Nissen, P. Sommer, J.C. Nielsen, N. Arneborg. The effect of oxygen on the

589

survival of non-Saccharomyces yeasts during mixed culture fermentations of grape juice with

590

Saccharomyces cerevisiae. J Appl Microbiol. 91, 541–547 (2001).

591

15. M.L.A. Jansen, J.M. Bracher, I. Papapetridis, M.D. Verhoeven, H. de Bruijn, et al. Saccharomyces

592

cerevisiae strains for second-generation ethanol production: from academic exploration to

593

industrial implementation. FEMS Yeast Res. 17(5), fox044 (2017).

594

16. C.E. Martin, C.-S. Oh, Y. Jiang. Regulation of long chain unsaturated fatty acid synthesis in yeast.

595

Biochim Biophys Acta. 1771, 271–285 (2007).

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

596

17. C. Verduyn, E. Postma, W.A. Scheffers, J.P. Van Dijken. Physiology of Saccharomyces cerevisiae

597

in anaerobic glucose-limited chemostat cultures. J Gen Microbiol. 136, 395–403 (1990).

598

18. J.A. Barnett, R.W. Payne, D. Yarrow. A guide to identifying and classifying yeasts. Mycologia.

599

72(2), 440 (1980).

600

19. W. Visser, W.A. Scheffers, W.H. Batenburg-Van Der Vegte, J.P. Van Dijken. Oxygen requirements

601

of yeasts. Appl Environ Microbiol. 56(12), 3785–3792 (1990).

602

20. S.J. Wiersma, C. Mooiman, M. Giera, J. Pronk. Squalene-tetrahymanol cyclase expression

603

enables sterol- independent growth of Saccharomyces cerevisiae. Appl Environ Microbiol. 86(17),

604

e00672-20 (2020).

605

21. C.J.E.A. Bulder. Anaerobic growth, ergosterol content and sensitivity to a polyene antibiotic, of

606

the yeast Schizosaccharomyces japonicus. Antonie van Leeuwenhoek. 37(1), 353–358 (1971).

607

22. M. Yukawa, T. Maki. Regarding the new fission yeast Schizosaccharomyces japonicus. Kyushu

608

Daigaku Kiyou. 4, 218–226 (1931).

609

23. L.J. Wickerham, E. Duprat. A remarkable fission yeast, Schizosaccharomyces versatilis nov. sp. J

610

Bacteriol. 50, 597–607 (1945).

611

24. P. Domizio, L. Lencioni, L. Calamai, L. Portaro, L.F. Bisson. Evaluation of the yeast

612

Schizosaccharomyces japonicus for use in wine production. Am J Enol Vitic. 69(3), 266–277 (2018).

613

25. S. Benito. The impacts of Schizosaccharomyces on winemaking. Appl Microbiol Biotechnol.

614

103(11), 4291–4312 (2019).

615

26. N. Rhind, Z. Chen, M. Yassour, D.A. Thompson, B.J. Haas, et al. Comparative functional genomics

616

of the fission yeasts. Science. 332, 930–936 (2011).

617

27. H. Niki. Schizosaccharomyces japonicus: the fission yeast is a fusion of yeast and hyphae. Yeast.

618

26(10), 545–551 (2009).

619

28. C. Kinnaer, O. Dudin, S.G. Martin. Yeast-to-hypha transition of Schizosaccharomyces japonicus

620

in response to environmental stimuli. Mol Biol Cell. 30(8), 975–991 (2019).

621

29. A.J.S. Klar. Schizosaccharomyces japonicus yeast poised to become a favorite experimental

622

organism for eukaryotic research. G3 (Bethesda). 3(9), 1869–1873 (2013).

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

623

30. C.E. Alfa, J.S. Hyams. Distribution of tubulin and actin through the cell division cycle of the

624

fission

625

Schizosaccharomyces pombe. J Cell Sci. 96(1), 71–77 (1990).

626

31. T. Kaino, K. Tonoko, S. Mochizuki, Y. Takashima, M. Kawamukai. Schizosaccharomyces

627

japonicus has low levels of CoQ10 synthesis, respiration deficiency, and efficient ethanol

628

production. Biosci Biotechnol Biochem. 82(6), 1031–1042 (2018).

629

32. C.J.E.A. Bulder, C. Weijers. Absence of cyanide-insensitive respiration in Schizosaccharomyces

630

japonicus. FEMS Microbiol Lett. 15(2), 145–147 (1982).

631

33. M. Makarova, M. Peter, G. Balogh, A. Glatz, J.I. MacRae, et al. Delineating the rules for structural

632

adaptation of membrane-associated proteins to evolutionary changes in membrane lipidome.

633

Curr Biol. 30(3), 367–380 (2020).

634

34. J.L. Kirschvink, R.E. Kopp. Palaeoproterozoic ice houses and the evolution of oxygen-mediating

635

enzymes: The case for a late origin of photosystem II. Philos Trans R Soc B Biol Sci. 363(1504),

636

2755–2765 (2008).

637

35. M.H. David, B.H. Kirsop. Yeast growth in relation to the dissolved oxygen and sterol content of

638

wort. J Inst Brew. 79(1), 20–25 (1973).

639

36. C. Varela, D. Torrea, S.A. Schmidt, C. Ancin-Azpilicueta, P.A. Henschke. Effect of oxygen and lipid

640

supplementation on the volatile composition of chemically defined medium and chardonnay wine

641

fermented with Saccharomyces cerevisiae. Food Chem. 135, 2863–2871 (2012).

642

37. W.J.C. Dekker, S.J. Wiersma, J. Bouwknegt, C. Mooiman, J.T. Pronk. Anaerobic growth of

643

Saccharomyces cerevisiae CEN.PK113-7D does not depend on synthesis or supplementation of

644

unsaturated fatty acids. FEMS Yeast Res. 19, foz060 (2019).

645

38. B.L.V. da Costa, V. Raghavendran, L.F.M. Franco, A. de B. Chaves Filho, M.Y. Yoshinaga, et al.

646

Forever panting and forever growing: physiology of Saccharomyces cerevisiae at extremely low

647

oxygen availability in the absence of ergosterol and unsaturated fatty acids. FEMS Yeast Res. 19(6),

648

foz054 (2019).

649

39. C.J.E.A. Bulder, M. Reinink. Unsaturated fatty acid composition of wild type and respiratory

yeast

Schizosaccharomyces

japonicus

var.

versatilis:

A

comparison

with

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

650

deficient yeasts after aerobic and anaerobic growth. Antonie van Leeuwenhoek. 40(3), 445–455

651

(1974).

652

40. F.B. Mallory, J.T. Gordon, R.L. Conner. The isolation of a pentacyclic triterpenoid alcohol from

653

a protozoan. J Am Chem Soc. 85, 1362–1363 (1963).

654

41. K. Takishita, Y. Chikaraishi, G. Tanifuji, N. Ohkouchi, T. Hashimoto, et al. Microbial eukaryotes

655

that lack sterols. J Euk Microbiol. 64(6), 897–900 (2017).

656

42. E.J. Corey, S.P.T. Matsuda, C.H. Baker, A.Y. Ting, H. Cheng. Molecular cloning of a

657

Schizosaccharomyces pombe cDNA encoding lanosterol synthase and investigation of conserved

658

tryptophan residues. Biochem Biophys Res Commun. 219(2), 327–331 (1996).

659

43. D. Ochs, C. Kaletta, K.D. Entian, A. Beck-Sickinger, K. Poralla. Cloning, expression, and

660

sequencing of squalene-hopene cyclase, a key enzyme in triterpenoid metabolism. J Bacteriol.

661

174(1), 298–302 (1992).

662

44. J. Mistry, R.D. Finn, S.R. Eddy, A. Bateman, M. Punta. Challenges in homology search: HMMER3

663

and convergent evolution of coiled-coil regions. Nucleic Acids Res. 41(12) (2013).

664

45. C.H. Haitjema, S.P. Gilmore, J.K. Henske, K. V. Solomon, R. De Groot, et al. A parts list for fungal

665

cellulosomes revealed by comparative genomics. Nat Microbiol. 2, 17087 (2017).

666

46. K. Takishita, Y. Chikaraishi, M.M. Leger, E. Kim, A. Yabuki, et al. Lateral transfer of

667

tetrahymanol-synthesizing genes has allowed multiple diverse eukaryote lineages to

668

independently adapt to environments without oxygen. Biol Direct. 7(5) (2012).

669

47. P.O. Syrén, S. Henche, A. Eichler, B.M. Nestl, B. Hauer. Squalene-hopene cyclases - evolution,

670

dynamics and catalytic scope. Curr Opin Struct Biol. 41, 73–82 (2016).

671

48. T. Hoshino, T. Sato. Squalene–hopene cyclase: catalytic mechanism and substrate recognition.

672

Chem. commun. (Camb). 21(4), 290–301 (2002).

673

49. M. Giera, F. Plössl, F. Bracher. Fast and easy in vitro screening assay for cholesterol

674

biosynthesis inhibitors in the post-squalene pathway. Steroids. 72, 633–642 (2007).

675

50. A.L. Sessions, L. Zhang, P. V. Welander, D. Doughty, R.E. Summons, et al. Identification and

676

quantification of polyfunctionalized hopanoids by high temperature gas chromatography-mass

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

677

spectrometry. Org Geochemistry. 56, 120–130 (2013).

678

51. C. Müller, U. Binder, F. Bracher, M. Giera. Antifungal drug testing by combining minimal

679

inhibitory concentration testing with target identification by gas chromatography-mass

680

spectrometry. Nat protoc. 12(5), 947–963 (2017).

681

52. M. Giera, C. Müller, F. Bracher. Analysis and experimental inhibition of distal cholesterol

682

biosynthesis. Chromatographia. 78(5–6), 343–358 (2014).

683

53. K. Shiojima, Y. Arai, K. Masuda, Y. Takase, T. Ageta, et al. Mass spectra of pentacyclic

684

triterpenoids. Chem Pharm Bull. (43), 1683–1992 (2002).

685

54. M.D. Mikkelsen, L.D. Buron, B. Salomonsen, C.E. Olsen, B.G. Hansen, et al. Microbial production

686

of indolylglucosinolate through engineering of a multi-gene pathway in a versatile yeast

687

expression platform. Metab Eng. 14(2), 104–111 (2012).

688

55. D.L. Howard, B.R.T. Simoneit, D.J. Chapman. Triterpenoids from lipids of Rhodomicrobium

689

vanniellii. Arch Microbiol. 137(3), 200–204 (1984).

690

56. C. Pale-Grosdemange, C. Feil, M. Rohmer, K. Poralla. Occurrence of cationic intermediates and

691

deficient control during the enzymatic cyclization of squalene to hopanoids. Angew Chem Int Ed

692

Engl. 37(16), 2237–2240 (1998).

693

57. E. Douka, A.I. Koukkou, C. Drainas, C. Grosdemange-Billiard, M. Rohmer. Structural diversity of

694

the triterpenic hydrocarbons from the bacterium Zymomonas mobilis: The signature of defective

695

squalene cyclization by the squalene/hopene cyclase. FEMS Microbiol Lett. 199(2), 247–251

696

(2001).

697

58. J. Shinozaki, T. Nakene, A. Takano. Squalene cyclases and cycloartenol synthases from

698

polystichum polyblepharum and six allied ferns. Molecules. 23(8), 1843 (2018).

699

59. J. Shinozaki, M. Shibuya, K. Masuda, Y. Ebizuka. Squalene cyclase and oxidosqualene cyclase

700

from a fern. FEBS Lett. 582(2), 310–318 (2008).

701

60. T. Frickey, E. Kannenberg. Phylogenetic analysis of the triterpene cyclase protein family in

702

prokaryotes and eukaryotes suggests bidirectional lateral gene transfer. Environ Microbiol. 11(5),

703

1224–1241 (2009).

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

704

61. S. Racolta, P.B. Juhl, D. Sirim, J. Pleiss. The triterpene cyclase protein family: A systematic

705

analysis. Proteins. 80(8), 2009–2019 (2012).

706

62. K. Furuya, H. Niki. Isolation of heterothallic haploid and auxotrophic mutants of

707

Schizosaccharomyces japonicus. Yeast. 26, 221–233 (2009).

708

63. W.J.C. Dekker, R.A. Ortiz-Merino, A. Kaljouw, J. Battjes, F.W. Wiering, et al. Engineering the

709

thermotolerant industrial yeast Kluyveromyces marxianus for anaerobic growth. BioRXiv

710

[preprint] (2021). https://doi.org/10.1101/2021.01.07.425723 (accessed 16 March 2021).

711

64. S. Jeennor, K. Laoteng, M. Tanticharoen, S. Cheevadhanarak. Comparative fatty acid profiling

712

of Mucor rouxii under different stress conditions. FEMS Microbiol Lett. 259(1), 60–66 (2006).

713

65. L. Brenac, E.E.K. Baidoo, J.D. Keasling, I. Budin. Distinct functional roles for hopanoid

714

composition in the chemical tolerance of Zymomonas mobilis. Mol Microbiol. 112(5), 1564–1575

715

(2019).

716

66. P. V. Welander, R.C. Hunter, L. Zhang, A.L. Sessions, R.E. Summons, et al. Hopanoids play a role

717

in membrane integrity and pH homeostasis in Rhodopseudomonas palustris TIE-1. J Bacteriol.

718

191(19), 6145–6156 (2009).

719

67. C.L. Schmerk, M.A. Bernards, M.A. Valvano. Hopanoid production is required for low-pH

720

tolerance, antimicrobial resistance, and motility in Burkholderia cenocepacia. J Bacteriol. 193(23),

721

6712–6723 (2011).

722

68. K.D. Entian, P. Kötter. 25 Yeast genetic strain and plasmid collections. Methods in Microbiology.

723

36, 629–666 (2007).

724

69. J.F. Nijkamp, M. van den Broek, E. Datema, S. de Kok, L. Bosman, et al. De novo sequencing,

725

assembly and analysis of the genome of the laboratory strain Saccharomyces cerevisiae

726

CEN.PK113-7D, a model for modern industrial biotechnology. Microb Cell Fact. 11(36) (2012).

727

70. M. Miyata, H. Doi, H. Miyata, B.F. Johnson. Sexual co-flocculation by heterothallic cells of the

728

fission yeast Schizosaccharomyces pombe modulated by medium constituents. Antonie van

729

Leeuwenhoek. 71, 207–215 (1997).

730

71. C. Verduyn, E. Postma, W.A. Scheffers, J.P. Van Dijken. Effect of benzoic acid on metabolic fluxes

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

731

in yeasts: A continuous-culture study on the regulation of respiration and alcoholic fermentation.

732

Yeast. 8, 501–517 (1992).

733

72. N.B. Jensen, T. Strucko, K.R. Kildegaard, F. David, J. Maury, et al. EasyClone: Method for iterative

734

chromosomal integration of multiple genes in Saccharomyces cerevisiae. FEMS Yeast Res. 14(2),

735

238–248 (2014).

736

73. D. Solis-Escalante, N.G.A. Kuijpers, N. Bongaerts, I. Bolat, L. Bosman, et al. amdSYM, a new

737

dominant recyclable marker cassette for Saccharomyces cerevisiae. FEMS Yeast Res. 13, 126–139

738

(2013).

739

74. D. Raab, M. Graf, F. Notka, T. Schödl, R. Wagner. The GeneOptimizer Algorithm: Using a sliding

740

window approach to cope with the vast sequence space in multiparameter DNA sequence

741

optimization. Syst Synth Biol. 4(3), 215–225 (2010).

742

75. R.D. Gietz, R.A. Woods. Transformation of yeast by lithium acetate/single-stranded carrier

743

DNA/polyethylene glycol method. Methods Enzymol. 313, 87–96 (2002).

744

76. R. Mans, H.M. van Rossum, M. Wijsman, A. Backx, N.G.A. Kuijpers, et al. CRISPR/Cas9: a

745

molecular Swiss army knife for simultaneous introduction of multiple genetic modifications in

746

Saccharomyces cerevisiae. FEMS Yeast Res. 15, fov004 (2015).

747

77. J.E. Dicarlo, J.E. Norville, P. Mali, X. Rios, J. Aach, et al. Genome engineering in Saccharomyces

748

cerevisiae using CRISPR-Cas systems. Nucleic Acids Research. 41(7), 4336–4343 (2013).

749

78. S. de Kok, J.F. Nijkamp, B. Oud, F.C. Roque, D. de Ridder, et al. Laboratory evolution of new

750

lactate transporter genes in a jen1Δ mutant of Saccharomyces cerevisiae and their identification as

751

ADY2 alleles by whole-genome resequencing and transcriptome analysis. FEMS Yeast Res. 12(3),

752

359–374 (2012).

753

79. S. Itoh, S. Takahashi, M. Tsuboi, C. Shimoda, M. Hayashibe. Effect of light on sexual flocculation

754

in Schizosaccharomyces japonicus. Plant Cell Physiol. 17, 1355–1358 (1976).

755

80. S. Okamoto, K. Furuya, S. Nozaki, K. Aoki, H. Niki. Synchronous activation of cell division by

756

light or temperature stimuli in the dimorphic yeast Schizosaccharomyces japonicus. Eukaryot Cell.

757

12(9), 1235–1243 (2013).

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

758

81. M.D. Verhoeven, M. Lee, L. Kamoen, M. van den Broek, D.B. Janssen, et al. Mutations in PMR1

759

stimulate xylose isomerase activity and anaerobic growth on xylose of engineered Saccharomyces

760

cerevisiae by influencing manganese homeostasis. Sci Rep. 7, 46155 (2017).

761

82. M. Kolmogorov, J. Yuan, Y. Lin, P.A. Pevzner. Assembly of long, error-prone reads using repeat

762

graphs. Nat Biotechnol. 37(5), 540–546 (2019).

763

83. B.J. Walker, T. Abeel, T. Shea, M. Priest, A. Abouelliel, et al. Pilon: An integrated tool for

764

comprehensive microbial variant detection and genome assembly improvement. PLoS One. 9(11)

765

(2014).

766

84. J. Love, J. Palmer, J. Stajich, T. Esser, E. Kastman, et al. Funannotate v1.7.1. Zenodo.

767

https://doi.org/10.5281/zenodo.2604804. Deposited 24 March 2019.

768

85. P. Jones, D. Binns, H. Chang, M. Fraser, W. Li, et al. InterProScan 5: Genome-scale protein

769

function classification. Bioinformatics. 30(9), 1236–1240 (2014).

770

86. K. Katoh, D.M. Standley. MAFFT multiple sequence alignment software version 7:

771

Improvements in performance and usability. Mol Biol Evol. 30(4), 772–780 (2013).

772

87. S. Capella-Gutiérrez, J.M. Silla-Martínez, T. Gabaldón. trimAl: a tool for automated alignment

773

trimming in large-scale phylogenetic analyses. Bioinformatics. 25(15), 1972–1973 (2009).

774

88. A.M. Kozlov, D. Darriba, T. Flouri, B. Morel, A. Stamatakis. RAxML-NG: A fast, scalable and user-

775

friendly tool for maximum likelihood phylogenetic inference. Bioinformatics. 35(21), 4453–4455

776

(2019).

777

89. I. Letunic, P. Bork. Interactive tree of life (iTOL) v3: an online tool for the display and

778

annotation of phylogenetic and other trees. Nucleic Acids Res. 44, W242–W245 (2016).

779

90. F. Sievers, D.G. Higgins. Clustal Omega for making accurate alignments of many protein

780

sequences. Protein Sci. 27, 135–145 (2018).

781
782
783

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

784
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786
787

Figure 1. Anaerobic growth of S. cerevisiae CEN.PK113-7D and Sch. japonicus CBS5679 with

788

different ergosterol and UFA (Tween 80) supplementation in a dark anaerobic chamber.

789

Anaerobic pre-cultures on SMPD on 50 g L-1 glucose (closed circles, grey shading) were grown

790

until the end of the exponential phase. (A) After the anaerobic pre-culture, S. cerevisiae was

791

transferred to SMPD (20 g L-1 glucose) supplemented with either Tween 80 and ergosterol (open

792

circles), Tween 80 only (closed squares) or neither Tween 80 nor ergosterol (open squares). (B)

793

Sch. japonicus was grown on the same media as S. cerevisiae and additionally on medium

794

containing ergosterol but not Tween 80 (closed triangles). Sch. japonicus cultures supplemented

795

with only Tween 80, only ergosterol, and those without supplements were serially transferred to

796

fresh media with the same composition in the anaerobic chamber. Data are represented as

797

average ± SEM of measurements on independent duplicate cultures for each combination of yeast

798

strain and medium composition.
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800
801

Figure 2. Quantification of fatty acids in Sch. japonicus CBS5679 biomass. Sch. japonicus CBS5679

802

was grown in SMPD with 20 g L-1 glucose. Under anaerobic conditions, cultures were

803

supplemented with Tween 80 and ergosterol (TE), only ergosterol (E), only Tween 80 (T) or

804

neither of those supplements (-/-). Data are shown for the first anaerobic culture following the

805

anaerobic pre-culture. Aerobic cultures of Sch. japonicus were grown in SMPD without

806

supplements (-/-). Data are represented as average ± SEM of measurements on independent

807

duplicate cultures for each cultivation condition. Detailed information on data presented in this

808

figure and additional anaerobic transfers are provided in SI Dataset S01.
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809
810

Figure 3. Gas chromatography-mass spectrometry (GC-MS) analysis of triterpenoid fractions of

811

anaerobically grown yeast biomass. Anaerobic cultures were harvested in early stationary phase.

812

Triterpenoids were extracted for GC-MS analysis and injected immediately (black lines) or after

813

silylation (red lines). (A) S. cerevisiae CEN.PK113-7D grown anaerobically on medium

814

supplemented with Tween 80 and ergosterol, (B) Sch. japonicus CBS5679 was grown on medium

815

supplemented with only Tween 80. Numbers indicate the following compounds: 1, squalene; 2,

816

5α-cholestane (internal standard); 3, squalene epoxide; 4, hop-17(22)-ene; 5, unidentified
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817

component; 6, ergosterol; 7, ergosterol-TMS-ether; 8, unidentified component; 9, unidentified

818

component, possibly a tricyclic intermediate; 10, lanosterol-TMS-ether; 11, lanosterol; 12, hop-

819

22(29)-ene (diploptene); 13, hop-21(22)-ene; 14, hopan-22-ol (diplopterol); 15, hopan-22-ol-

820

TMS-ether. (C‐F) Mass spectra and structures of identified hopanoid compounds in the

821

triterpenoid fraction of anaerobically grown biomass of Sch. japonicus. (C) Hop-17(21)-ene, (4).

822

(D) Hop-22(29)-ene, (12). (E) Hop-21(22)-ene, (13). (F) Hop-22-anol (diplopterol), (14).

823
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825

Figure 4. Maximum-likelihood phylogenetic tree of selected triterpenoid cyclases. The colored

826

bar indicates different types of cyclases: green, squalene hopene cyclases (SHCs); red, squalene

827

tetrahymanol cyclases (STCs); purple, and oxidosqualene cyclases (OSCs). Sequences were

828

obtained from a systematic homology search using the characterised cyclases marked with an

829

asterisk (Acidocaldarius alicyclobacillus AaShc, P33247, SHC; Tetrahymena thermophila, TtThc1,
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830

Q24FB1, STC; Schizosaccharomyces pombe SpErg7, Q10231, OSC) as queries. Eukaryotic and

831

bacterial sequences are indicated by black and grey bars, respectively. The collapsed clade

832

contains 37 leaves from plants and green algae. 100 bootstrap replicates were performed, values

833

above 70 are shown on the corresponding branches. All sequences and the final tree are provided

834

in SI Dataset S02 and SI Dataset S03, respectively. The tree was midrooted, visualized and made

835

available in iTOL (https://itol.embl.de/tree/8384480491291613138765). (A) Distribution of

836

HMMER E-values obtained with Sch. japonicus SHC (SCHJC_C003990) as query against a bacterial

837

sequence database (grey bars) and a eukaryotic database (black bars). (B) Distribution of HMMER

838

E-values obtained with Sch. japonicus OSC (SCHJC_A005630) as query against a bacterial sequence

839

database (grey bars) and a eukaryotic database (black bars).
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842
843

Figure 5. Quantification of triterpenoids in yeast biomass. (A) Triterpenoid content of cultures of

844

Sch. japonicus CBS5679 grown in SMPD with 20 g L-1 glucose. Under anaerobic conditions, cultures

845

were supplemented with Tween 80 and ergosterol (TE), only ergosterol (E), only Tween 80 (T)

846

or neither of these supplements (-/-). Data are shown for the first anaerobic culture following the

847

anaerobic pre-culture. Aerobic cultures of Sch. japonicus were grown in SMPD without

848

supplements (-/-). (B) Triterpenoid composition of anaerobic cultures of S. cerevisiae IMX2616

849

(sga1∆::Sjshc1; left) and IMX2629 (sga1∆::Sjshc1 X‐2::Maths; right) grown in SMPD with 20 g L-1

850

glucose and Tween 80 (T) supplementation. Data are represented as average ± SEM of data from

851

two independent duplicate cultures for each cultivation condition. Detailed information on data

852

presented in this figure and additional anaerobic transfers are provided in SI Dataset S01.

853
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855

Figure 6. Anaerobic growth of S. cerevisiae strains in sterol-free media. S. cerevisiae cultures were

856

inoculated from an anaerobic pre-culture on SMPD (50 g L-1 glucose) to fresh SMPD (20 g L-1

857

glucose), either supplemented with Tween 80 (closed circles), or lacking unsaturated fatty acids

858

and sterols (open circles). (A) Reference strain CEN.PK113-7D. (B) S. cerevisiae strain IMX2616

859

(sga1∆::Sjshc1). (C) S. cerevisiae strain IMX2629 (sga1∆::Sjshc1 X‐2::Maths). Cultures

860

supplemented with Tween 80 represented in panel (B) and (C) were transferred to fresh medium

861

of the same composition (closed circles) during exponential phase. Data are represented as

862

average ± SEM of measurements on independent duplicate cultures for each yeast strain.

863

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435848; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

864

Table 1: Homology search results using amino acid sequences of characterized

865

triterpenoid cyclases against Sch. japonicus proteomes. Query coverage percentage and E-

866

values were obtained with HMMER344, identity percentages were calculated with Clustal90.

Query

Accession of
subject
sequence

Query coverage

E‐value

(%)

Identity
(%)

Subject proteome: Sch. japonicus yFS275
SpErg7a
(Q10231)

B6JW54

99.7

0.0

65.9

AaShcb (P33247)

B6K412

99.2

2.7×10-141

38.1

99.7

0.0

65.7

98.9

2.5×10-139

37.8

Subject proteome: Sch. japonicus CBS5679
SpErg7a
(Q10231)

SCHJC_A005630

AaShcb (P33247)

SCHJC_C003990

(SjErg7)

(SjShc1)

867
868

aProtein

sequence of Erg7 of Schizosaccharomyces pombe

869

bProtein

sequence of Shc of Acidocaldarius alicyclobacillus

