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Supplementary Text 1: Distribution of SC and HpnP in bacteria

Although squalene cyclase (SC) and HpnP are distributed in 31 and 12 bacterial phyla,
respectively, the majority of HpnP-containing phyla contain only a handful of species that possess
HpnP and these atypical species likely acquired HpnP via horizontal gene transfer (HGT). Hence,
HpnP is essentially concentrated in three phyla: Rokubacteria, Alphaproteobacteria and
Cyanobacteria (Fig. 1A). Yet also in these three phyla, the gene is not universally distributed.
Currently, no complete genome is available for Rokubacteria, but 117 out of 140 species that have
draft genome data were found to possess SC (84%), and HpnP was present in 50 species among
those SC-containing species (42%) (Supplementary Table 1). Six rokubacterial species were found
to possess only HpnP (Supplementary Table 1), but it is not clear if the apparent lack of SC is due
to the incomplete genome sequencing status or alternatively HpnP in those species have a function
that is irrelevant to hopanoid biosynthesis. In Alphaproteobacteria, SC is widespread (but not
ubiquitous) in the phylum, while HpnP is mostly constrained to a single order (Hyphomicrobiales;
former Rhizobiales) (Fig. 1B), in particular to three out of 17 families in the order, as was
previously observed (Beijerinckiaceae, Bradyrhizobiaceae and Methylobacteriaceae;
Supplementary Tables 2 and 3)!. The majority of species in these three families contain both SC
and HpnP. Hyphomicrobiales represents a late-branching taxon in the phylum? and thus a late
origin of HpnP in Alphaproteobacteria via HGT is inferred. Among 328 species within
Hyphomicrobiales for which complete genome data is available, only 93 species (28%) were found
to contain SC; the majority of those SC-containing species (71 species; 76%) harbor both SC and

HpnP (Supplementary Table 2). Although the inclusion of draft genome data increases the number



of species that contain SC and HpnP, the distribution of HpnP is still mostly limited to the three

families described above (Supplementary Table 2).

In Cyanobacteria, HpnP is found in most taxonomic lineages (Fig. 1B), although the distribution
of SC and HpnP is not universal even in this phylum. Among 171 species that have complete
genome data, 70 species (41%) contain SC (tables S4 and S5). Approximately half of SC-
containing Cyanobacteria (32 species; 46%) were found to additionally possess HpnP
(Supplementary Tables 4-5). The distribution of SC and HpnP varies between different clades.
For instance, the genus Nostoc contains 19 species that have complete genome data. While SC is
found in all of 19 species, HpnP is found in 13 species (68%). In contrast, in the genus
Leptolyngbya, three out of six species that have complete genome data have both SC and HpnP
(50%), while the other three lack both genes. If only complete genomes are considered, only 19
out of 38 cyanobacterial families (50%) harbor SC-containing species and nine families (24%)
harbor species that have both SC and HpnP. However, if draft genomes are included, these values
rise to 30 and 27 families (79% and 71%), respectively. Hence, the occurrence of SC and in
particular HpnP seems to be underestimated, if based only on complete genomes, due to the
sporadic distribution of these two genes. The completion of more cyanobacterial genome

sequencing would likely further increase the number of HpnP-containing species in Cyanobacteria.

Supplementary Text 2: Triterpenoid-related proteins in myxobacteria

Instead of SC, several species of myxobacteria that have a HpnP homolog have oxidosqualene
cyclase (OSC), which is evolutionarily and functionally related to SC and is involved in steroid

biosynthesis®. However, the distribution of HpnP homologs is punctate in myxobacteria and has



no correlations to the distribution of OSC in the lineage. Additionally, no 2-methylated steroids
have been observed in myxobacteria thus far. Hence, it is not likely that the HpnP homolog in
myxobacteria is involved in steroid biosynthesis and the function of myxobacterial HpnP

homologs remains unknown.

Supplementary Text 3: Syngeneity assessment of Paleoproterozoic 2-methylhopanes from

the McArthur Basin, Northern Australia (GR7 and LV09001 cores)

In our current study, the syngeneity of 2-methylhopanes was examined for two Paleoproterozoic
drill cores; GR7 and LV09001. Drill core GR7 has long been utilized for paleoecological
reconstructions of the Barney Creek Formation (BCF)*. A more recently drilled core LV09001
was obtained from the southern McArthur Basin (east of the Emu Fault). In contrast to GR7, where
only the upper section of the BCF is thermally well-preserved, LV09001 is thermally well-
preserved throughout the entire section of the BCF as well as underlying Teena Dolostone and
overlying Reward Dolostone & Lynott Formation. Therefore, LV09001 allows us to extend 2-
MHI analysis to a wider stratigraphy and a longer geological time scale. The upper section of the
BCF from the GR7 sample exhibits the highest TOC (up to 8%) and the lowest thermal maturity
(Tmax ca. 435-445 °C, HI ca. 500-800 mg hydrocarbons/g organic carbon). Thermal maturity of

the LV09001 samples ranges from immature to early mature (Tmax ca. 420—439 °C).

Drill core GR7
Drill core GR7 has different thermal maturities between the upper and the lower sections. Only

the upper ~200 m section of the core appears thermally suitable for trace biomarker analyses, but



samples from both sections were analyzed for comparison. Most samples were analyzed by the
bulk analysis, while the 45.4 m sample was analyzed by the slice-extraction experiment and the
685.8 m & 869.6 m samples were analyzed by interior-exterior experiments (Supplementary Table
7). The total hopane concentration substantially varies with depth and broadly displays an
anticorrelation to the 2-MHI. Hopane-rich samples generally have low 2-MHI values (mostly
<3%), except for the 218.1 m sample, while hopane-poor samples generally have higher 2-MHI
values (up to 16.7%). The spatial distribution of biomarkers within rock specimens (i.e., hopanes
and steranes) for the 683.5 m and 869.9 m samples that yield the highest 2-MHI values of 16.7 and
13.2%, respectively, suggest that biomarkers are largely restricted to the sample exterior, while the
sample interior is devoid of detectable biomarkers. These observations suggest that the elevated 2-
MHI values for hopane-poor bulk samples are likely to reflect contamination overprint that was
probably introduced during drilling, cutting and storage. 2-Methylhopanes in the contaminants
generally exhibit high 2-MHI values. In contrast, hopane-rich samples, which are less susceptible
to surficial contamination and thus may retain syngenetic (methyl)hopane signatures, exhibit low
2-MHI values. In the present study, GR7 samples that were only bulk analyzed were not included

in our dataset to minimize uncertainty.

Drill core LV09001

The molecular inventory of core samples from hole LV09001 allows for the first time to investigate
the methylhopane distribution in the lower (deeper) section of the BCF as well as underlying Teena
Dolostone and overlying Reward Dolostone and Lynott Formation. All samples were separated
into interior and exterior portions. The level of surficial contamination in the core was assessed by

interior/exterior comparisons on seven samples. Steranes are absent in all interior samples and



restricted only to some exteriors. Hopanes are abundant in both the exterior and the interior of
samples for all formations. The abundance of hopanes is nearly identical between the exterior and
the interior of all analyzed samples and for this drill hole there is no sign of substantial surficial
contamination. These observations indicate that the contamination level of LV09001 drill core is
very low, unlike (parts of) the GR7 core, and its impact on our biomarker analyses is negligible
with nearly all of the detected hopanes being inferred to be syngenetic. 2-MHI values are generally
low throughout the core (Supplementary Table 6), regardless of total hopane abundance. The low
2-MHI values for non-contaminated LV09001 samples are consistent with those for hopane-rich
GR7 samples that are geographically separated from the LV09001 samples within the McArthur

Basin. In the present study, all of the LV09001 samples are included in our dataset.

Possibility of diagenetic 2-methylhopane production

Apart from biological 2-methylhopanoid production, we addressed the possibility that
diagenetically-mediated reactions may lead to the methylation of hopanoids, thereby mimicking
biological signatures. For example, 2- and 3-methylsteroids that have been observed in geological
records for decades® were recently shown to readily form through an abiogenic alkylation process
affecting double bonds and/or functional groups in non-alkylated steroid precursors®. In the present
study, pyrolysis experiments using diplopterol (a major bacterial hopanoid) as well as cholesterol
and its saturated equivalent cholestanol (control compounds) were conducted to test the possibility
of an abiogenic origin for 2- and 3-methylhopanoids. Whereas cholesterol and cholestanol, which
possess a functionalized A-ring, underwent the expected C-2 and C-3 methylations, diplopterol

did not generate 2- or 3-methylhopanes (Supplementary Figs. 7-8). Our results suggest that



bacterial hopanoids, which are not known to possess a functional group in the A-ring, are unlikely

to be subjected to abiogenic C-2 and C-3 methylations.

Supplementary Text 4: Vitamin B1; (cobalamin) dependency in algae

The vitamin B2 dependency of plants and algae is complex. For instance, land plants do not require
vitamin B> because they can produce methionine using the vitamin Biz-independent form of
methionine synthase (MetE), while algae have MetE and/or the vitamin Bi2-dependent form
(MetH), depending on species’. Red algae retain MetE and additionally MetH in some species, but
the majority of green algae have only MetH and thus are vitamin Bi2-dependent. A selective
advantage of having MetH instead of MetE is a substantially higher efficiency of methionine
biosynthesis by MetH (x50 times)®°. MetE and MetH do not share a sequence similarity and are
inferred to have evolved independently!®. However, both enzymes are taxonomically widespread
in Archaeplastida (land plants + algae) and phylogenetic analyses suggest that the common
ancestors of red algae, green algae and the entire Archaeplastida clade had both forms of enzymes,
except only for the common ancestor of land plants that likely had only MetE’. Therefore, the

MetE or MetH gene was lost in individual algal lineages during algal evolution.

Vitamin Biz-dependent green algae rely on the uptake of this nutrient produced by symbiotic
bacteria or archaea since no eukaryotes can biosynthesize vitamin Bi2 de novo'!. There are two
known pathways to biosynthesize the corrin ring of vitamin B2 — oxygen-independent and oxygen-
dependent pathways!2. The oxygen-independent pathway is mainly present in anaerobic lineages

such as Clostridia (Firmicutes) and Desulfobacteria (Deltaproteobacteria), but is also found in



some aerobic lineages such as Cyanobacteria and Thaumarchaeota!?. The oxygen-independent
pathway may have been important for Cyanobacteria to endure oxygen stress at the onset of
oxygenic photosynthesis!®. In contrast, the oxygen-dependent pathway is mostly confined to some
late-branching taxa of Alpha- and Gammaproteobacteria'?. However, the major contributors of
vitamin B to algae in modern environments are those bacteria that utilize the oxygen-dependent
pathway, while vitamin B> production in deeper waters is largely contributed by
Thaumarchaeota'®>. Cyanobacteria produce pseudocobalamin, instead of vitamin Bis, because
Cyanobacteria utilize a different ligand that attaches to the corrin ring. Thus, Cyanobacteria cannot
directly contribute to the vitamin Bi2 pool, although a small fraction of algae are known to possess

enzymes to convert pseudocobalamin to vitamin B1,%.

The wide occurrence of vitamin B> dependency in green algae reflects an ancestral origin of the
algal symbiosis with vitamin Biz-producing microbes and the accompanied MetE gene loss.
However, the expansion of vitamin Bip-producing and 2-methylhopanoid-producing
Alphaproteobacteria in the Ediacaran remains speculative because a symbiotic relationship
between marine algae and HpnP-containing species has not been directly observed in modern
environments thus far. For instance, Hyphomicrobiales is more frequently associated with
terrestrial or freshwater environments than with oceans (e.g. lichens)'. However, metagenomic
surveys predict the presence of both Hyphomicrobiales and alphaproteobacterial HpnP in marine
settings'>!6. Also, some Hyphomicrobiales species are in fact affiliated with marine algae!”'8.
Studies that focus on the taxonomic diversity of the modern marine algal-bacterial relationship

would be beneficial to shed more light on the co-evolution of vitamin Biz-auxotrophic algae and

bacterial donors!®.
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Supplementary Fig. 2. Bayesian phylogenetic tree of HpnP. The scale bar represents 0.4 amino
acid replacements per site per unit evolutionary time. See Supplementary Data S1 for the sequence
alignment.

12



o0 OUT-Bac-CE088600.1.Syntrophaceticus.schinkii.Fm/1-500
1 f DSM.13106.Fm/1-463

100 OUT-Bac-SCY70759.1.Alkaliphilus. pepnmrermemans DSM.18978.Fm/2-420
95 19148.1.Moorell cc 39073.Fm/1-444

o5 Tissierella.sp.DSM.105185.Fm/29-448
OUT-Bac- SFU30048 1 Ahcyc\ubacmus macrosporangiidus. Fm/10-455

Bac-OGW30902.1.GWF2_44_13.Nsr/1-494

Bac-RMF56532.1.Calditrichaeota bacterium.Cld/1-518

Bac-0QY67521.1 Polyangiaceae. UTPRO1 ap/c 507

Ioti.NZP2037.aP/1-439

58 100 o Bac-WP.( 020175849 1.Methyloferula.stellata.aP/2-507
Bac-RQWB2611.1 Methy\uceccus sp.gP/2-510
himoid:

100 Bac- 5DH75973 1.Roseospirillum.parvum aPH 516
1 bacterium.Cld/1-518
- 1 limicola.gP/1-512
1 CP-C.0P/20-533
Bac-SFF46419.1.N tis.exedens.dP/1-508

Bac-RJP20230.1.0 bacterium.Om/1-496
GPR-OGY76652.1.Jacksonbacteria RIFOXYA2_FULL 43_12 Pc/d-522
Bac-MAF08969.1.Poribacteria bacterium. Por/4-516
Bec-OHDGG765.1.ABG, 13.51.14.5p/1-508

Bac-TVR60064. 1 1 7-519
CPR-OHAS6371.1.Veblenbacteria RIFOXYC2_FULL 42_11.Pc/1-493
Bac-EFL51516.1 1J.dP/1-508
Arc-PIZ51260.1. Woesearchaeota.CG_4_10_14_0_2_um_filter_33_13.DPN/1-495
Bac-ACB76835.1.Opitutus. terrae.PBIO-1.V/1-490
Bac-SMC17835.1.Desulfacinum.hydrothermale. DSM. 13146.dP/1-496
Bac-0GI23256.1.RIFOXYA2_FULL_32_9.MI/1-491

CPR-PIV43218.1 CGO2_land_8_20_14_3_00_40_11.Pc/1-496
Bac-KPK23369.1 bact G8_51.3.Cli/1-506
1.Kosmot fica.Tg/2-512

Bac-APF18169.1.Caldithrix.abyssi.DSM. 13497.Cld/1-492
Bac-AFN74368.1.Melioribacter.roseus. P3M-2.1g/1-493
Bac-BAJ63583.1.Anaerolinea. thermophila.UNI-1.CIf/4-502
Bac-GAT34517.1 Terrimicrobium.sacchariphilum.V/2-493

1L terium.Le/1-494

Bac-PLX84560.1 0P/1-493
Bac-SHJ19194.1.Tangfeifania.diversioriginum.Bc/1-495
Bac-TC007273.1
CPR-0GZ37769.1 IFCSPHIGHO2_12_FULL_40_11.Pc/1-407
Bac-AFV10652.1.Thermacetogenium.phacum DSM.12270.Fm/1-504
1.Clostridium.kluyveri.NBRC.12016.Fm/13-505
Bac-ORC35385. 1. Marispirochaeta.aestuarii.Sp/1-495
Bac-ACM19099.1.Geobacter.daltonii.FRC-32.dP/1-497
Bac-0GUB2855.1.RIFOXYAT2_FULL 38 9.1g/1-493
Bac-KMY67713.1.Desulfocarbo.indianensis.dP/1-500
Bac-Rl 1 bact PI/1-504
Bac-0IP69174.1.CG2_30_33_13.Alr/1-492

Bac-SPE51253.1.Verrucomicrobia.bacterium. V/1-511

1 bstinata, P1/26-537

\—‘ 75 o0 1 aP/1-509
Bac-GE099407.1 haplocladil.aP/17-531

Bac-AFM25814.1.Desulfomonile.tiedjei. DSM.6799.dP/1-508

100 oo Bac-ABD03300.1.Synechococcus.sp.JA-2-38_a_2-13.Cy/1-510
Bac-BAC92182.1.Gloeobacter violaceus. PCC.7421.Cy/1-509
1o Bac-KYG75634.1.Roseivirga. spongicola. Be/1-515

Bac-KYC38240.1.Scytonema.hofmannii. PCC.7110.Cy/1-512
Bac-WP_072620074.1.Spirulina. major.Cy/1-516
Bac-APB34267.1.Gloeomargarita.lithophora. Alchichica-D10.Cy/1-518
1 MIT.9313.Cy/1-516
Bac-BAL32516.1 PCC.6803.substr.PCC-N.Cy/1-512
Bac-MBT8341121.1

dp:

Bac-WP_160174679.1.Archangium.violaceum.dP/1-504

100 ey BacMSPS083s.1.Mysococcales.bacterium dPl6-s22

12.1 bacterium.dP/4-456

Bac-MBK7861364.1. Archangiaceae bacterium.dP/47-562
Bac-MBL9006391.1.Myxococcales.bacterium dP/10-525

Bac-MCB9761597.1 Alphaproteobacteria. bacterium.aP/4-519

HpnP-Bac-HGX21450.1.Verrucomicrobiales. bacterium.Vr/26-538
HpnP-Bac-PAW76671.1.Verrucomicrobia bacterium. Tous-COLFEB.Vr/20-535
HpnP-Bac- TsAocoss 1.Nitrospiraceae.bacterium.Nsr/18-532

HpnP- bacterium.P1/15-529

HpnP-Bac-TQLB9443 1 Modestobacter.multiseptatus. Ac/12-525
Hon-Ba ELSS0862.1.Stroptomycos.vildochromagenes, TueST. Acls-317

ipnP-Bac-HEGB9190.1.Cl 17-531
HpnP- 1 terium.PI127-542
¥82950.1 bact 13-524
HpnP-Bac-! MBC8420692 1-Desulabactorales. bacterium. 4P/1-49)
4.P1/20-532

HpnP-B:

HpnF—Bac—MBT6273497 1.Chromatiales. bac(emum gP/13-517
HpnP-Bac-PYMS55172.1.Rokubacteria bacterium. Rk/11-525
HpnP-Bac-PYM21880.1.Rokubacteria/17-531
HpnP-Bac-0GL15523.1.RIFCSPLOWO2_12_FULL 71_22.Rk/32-546
HpnP-Bac-PYM81698.1. Rokubacteria/19-533
HpnP-Bac-APB33887.1.Gloeomargarita.lithophora. Alchichica-D10.Cy/19-534
HpnP-Bac-BAC90255.1.Gloeobacter.violaceus. PCC. 7421.Cy/21-537
HpnP-Bac-PZD72949.1. Acaryochloris.sp.RCC1774.Cy/26-540
HpnP-Bac-MBD2183846.1.Planktothrix.sp.FACHB-1375.Cy/28-543

HpnP-Bac-PMB11794.1 Fischerella.thermalis. CCMEE. 5273 Cy/20-535
90%ipnp-Bac-KABB315291.1. Tolypothrix.campylonemoides.VB511285.Cy/23-536
HpnP-Bac-MBC5811327.1 Eremmm«ersema bacterium. Em/10-524
p Em/10-524

HpnP-Bac- RaR41953.1 Konbaer versatis 345 Ad10-523
HpnP-Bac-QMV17725.1.Granulicella. sp.585.Ad/25-538
HpnP-Bac-WP_119283479.1 Rhodospirilaceae bacterium SYSU.D60006.aP/11-525
HpnP-Bac-WP_137388381.1.Rhodoligotrophos.sp.Im1.aP/11-525
HpnP-Bac-KMO15088.1 Methylobacterium platani JCM. 14648.aP/11-525
HonP-Bac-ACB95082.1 Beijrinckia ndica subsp.ndica ATOC. 9039 aP/10-525

P/21-532
HpnP Bac-B3QHD1.1 Hhodupseudnmnnas palustris TIE-1.0P/10-524
10-524

0.5

Supplementary Fig. 3. Maximum likelihood tree of class B radical SAM methyltransferases
(HpnP homologs). The figure is identical to Fig. 2 insert. The scale bar represents 0.5 amino acid
replacements per site per unit evolutionary time. See Supplementary Data S2 for the sequence

alignment.
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Supplementary Fig. 4. Species tree of 44 HpnP-containing Cyanobacteria. The scale bar
represents 0.08 amino acid replacements per site per unit evolutionary time.
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Supplementary Fig 7. Pyrolysis experiment of cholestanol and cholesterol educts. (A) m/z 372
—> 217 transition showing cholestanes and (B) m/z 386 = 231 showing methylcholestanes in
cholestanol pyrolysates. (C) m/z 372 = 217 transition showing cholestanes and (D) m/z 386 =
231 showing methylcholestanes in cholesterol pyrolysates. The 2-methylcholestane index (2-MCI)
is calculated analogously to the 2-MHI (%) for the oaoaR isomers as 2-
methylcholestane/(cholestane+2-methylcholestane)*100. Compound abbreviations: aooR, Cz7
Sa(H), 140u(H), 17a(H)-cholestane (20R); 2-Me, 2-methylcholestane; 3-Me, 3-methylcholestane.
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Supplementary Fig. 8. Pyrolysis experiment of diplopterol (1 pL injection from ca. 20 pL total
extract, resulting in the overloading of C3¢ af-hopane). (A) m/z 412 = 191 transition displaying a
dominance of the regular C3o af-hopane isomer. (B) m/z 426 = 205 transition displaying the
absence of C31 methylhopanes with two expected elution times for 2a- and 3B-methylhopanes
(according to AGSO reference standard). (C) m/z 426 = 191 transition displaying the C3 of-
homohopane R and S isomers. Trace peaks in the m/z 426 = 205 transition are likely to mostly
represent side-chain methylated hopanoids that yield higher intensities in the m/z 426 = 191
transition, although individual compounds are not identified, except for C31 af-homohopanes.
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Supplementary table captions

Supplementary Table 1 (separate xlsx file). Accession numbers of SC and HpnP protein
sequences for Rokubacteria. This list contains all available genomes in the phylum, regardless of
their assembly level because no complete genome is available for this phylum.

Supplementary Table 2 (separate xIsx file). Distribution of SC and HpnP in Hyphomicrobiales
in Alphaproteobacteria. The occurrence of SC and HpnP is summarized based on complete
genome data and on draft genome data, respectively. The total number of available draft genomes
is not counted and instead only the presence/absence of SC or HpnP is suggested in the table.

Supplementary Table 3 (separate xlsx file). Accession numbers of SC and HpnP protein
sequences for Hyphomicrobiales. Only families that harbor HpnP-containing species are included
in the list. Species that have a complete genome are all included regardless of their containing the
SC or HpnP gene. Species that have only a draft genome data are included only if they contain
both SC and HpnP genes and also if none of the species that have a complete genome data in the
same genus have the HpnP gene. Abbreviation: OSC, oxidosqualene cyclase; CobG, precorrin-3B
synthase; CobF, precorrin-6A synthase.

Supplementary Table 4 (separate xlsx file). Distribution of SC and HpnP in Cyanobacteria. The
occurrence of SC and HpnP is summarized based on complete genome data and on draft genome
data, respectively. The total number of available draft genomes is not counted and instead only the
presence/absence of SC or HpnP is suggested in the table.

Supplementary Table 5 (separate xlsx file). Accession numbers of SC and HpnP protein
sequences for Cyanobacteria. Species that have a complete genome are all included regardless of
their containing the SC or HpnP gene. Species that have only a draft genome data are included
only if they contain both SC and HpnP genes and also if none of the species that have a complete
genome data in the same genus have the HpnP gene.

Supplementary Table 6 (separate xlsx file). Total hopane abundance and the 2-methylhopane
index (2-MHI) in the drill core GR7 (Barney Creek Formation). Bold-face indicates samples that
have hopanes only in a low abundance but display a high 2-MHI value. Bulk-analyzed samples
are not included in our dataset (Fig. 4B). n.d. = not detected.

Supplementary Table 7 (separate xlIsx file). Sample list for the 2-MHI record (Fig. 4B). Samples

newly analyzed in this study are shown in brown, while samples from the literature are shown in
black. References for previous studies are shown in Supplementary Material.
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Supplementary data captions

Supplementary Data 1 (separate txt file). Multiple sequence alignment for the HpnP phylogeny.

Supplementary Data 2 (separate txt file). Multiple sequence alignment for the phylogeny of
HpnP and HpnP-like proteins.
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