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The record of the coevolution of oxygenic phototrophs and the environment
is preserved in three forms: genomes of modern organisms, diverse geo-
chemical signals of surface oxidation and diagnostic Proterozoic
microfossils. When calibrated by fossils, genomic data form the basis of mol-
ecular clock analyses. However, different interpretations of the geochemical
record, fossil calibrations and evolutionary models produce a wide range of
age estimates that are often conflicting. Here, we show that multiple
interpretations of the cyanobacterial fossil record are consistent with an
Archean origin of crown-group Cyanobacteria. We further show that incor-
porating relative dating information from horizontal gene transfers greatly
improves the precision of these age estimates, by both providing a novel
empirical criterion for selecting evolutionary models, and increasing the
stringency of sampling of posterior age estimates. Independent of any geo-
chemical evidence or hypotheses, these results support oxygenic
photosynthesis evolving at least several hundred million years before the
Great Oxygenation Event (GOE), a rapid diversification of major cyanobac-
terial lineages around the time of the GOE, and a post-Cryogenian origin of
extant marine picocyanobacterial diversity.

1. Background

The evolution of oxygenic photosynthesis dramatically expanded the role of
biological processes in Earth’s geochemical cycles, altered the redox properties
of Earth’s surface and increased the fluxes within the surface carbon cycle [1,2].
The timing of the origin of this metabolism directly informs hypotheses about
mechanisms that contributed to the rise of oxygen in the atmosphere and
interpretations of biosignatures before the Great Oxygenation Event (GOE)
(e.g. [3-71). Temporal constraints on the subsequent phylogenetic and ecological
diversification of oxygenic phototrophs also link geochemical and geologic
events to the evolution of planktonic marine cyanobacteria (e.g. [8-11]) and
photosynthetic eukaryotes (e.g. [12-16]).

Genomic data enable the reconstruction of phylogenies of gene and cellular
lineages, including those of cyanobacteria and photosynthetic eukaryotes. When
calibrated by fossils, phylogenies and sequence data also form the basis of molecular
clock analyses, an important tool for investigating the early coevolution of Earth and
life. The age of crown Cyanobacteria places a younger-bound constraint on the
origin of oxygenic photosynthesis and is especially important for establishing nar-
ratives of planetary biogeochemical change. Due to the sensitivity of molecular
clock analyses to sequence datasets, models and calibrations, and the complex
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and often subjective criteria for selecting these, age estimates for
crown Cyanobacteria have varied widely. Species tree molecular
clock analyses have produced ages that predate the GOE by
more than 1 Gyr (e.g. [17,18]), less than 0.5 Gyr [19-21], very
close to the GOE [21,22] or even after the GOE [13,20,22].
These analyses vary in the sets of fossil calibrations used to estab-
lish minimum ages for cyanobacterial groups, including some
very simple forms that may or may not represent extant mem-
bers of crown-group Cyanobacteria [13,23-25]. Additional
issues arise from the use of the GOE itself as a calibration point
(see discussion in [19]) or calibrations that rely on interpretations
of geological and geochemical proxies for the presence of oxy-
genic metabolisms, such as banded iron formations (e.g. [17,20]).

Reliable divergence time estimates for cyanobacteria
require adequate sampling of modern organismal genomes,
careful interpretations of the fossil record, multiple fossil cali-
brations and extensive tests of the impacts of evolutionary
model parameters. Links between extant clades and the
fossil record are particularly problematic: the taxonomic
affiliations of all currently used cyanobacterial fossil calibra-
tions have been questioned due to the absence of
particularly diagnostic morphological characters [23,24] (elec-
tronic supplementary material, text S1). Fortunately, more
robust and diagnostic Proterozoic cyanobacterial fossils do
exist [23]: Eoentophysalis from the approximately 2 Ga Belcher
Supergroup [26,27], Obruchevella, with the oldest preserved
fossils reported in the silicified concretions of the 1.56 Ga
Gaoyuzhuang Formation [28] and Eohyella, fossils of endo-
lithic cyanobacteria from silicified ooids of the
approximately 800 Ma Eleonore Bay Group [29]. These fossils
contain diagnostic morphological characters that provide
excellent opportunities for cyanobacterial molecular clock
calibrations (see detailed description in electronic supplemen-
tary material, text S2). In this study, we sequenced the
representatives of lineages morphologically similar to these
fossils to bolster the placement of tightly coiled cyanobacter-
ial fossils with Spirulina, and enable the use of Eoentophysalis
and Eohyella as potential calibrations.

The cyanobacteria-derived plastids coevolve with the
primary nucleocytoplasmic host lineages of photosynthetic
eukaryotes, so the fossil records of these groups are commonly
used to calibrate cyanobacterial evolution. Many of these fos-
sils have more complex morphologies that can be assigned
to modern chloroplast-containing eukaryotes, such as the Neo-
proterozoic fossils of red algae [30], green algae [31] and
plants. These fossils can alleviate some of the issues described
above, but studies based on them have to consider the impact
of fast rates of sequence evolution within organelle lineages on
molecular clock branch rate models [16].

Another source of dating information that has recently
begun to be incorporated in molecular clock studies is hori-
zontal gene transfers (HGTs). HGTs represent cross-cutting
events between genome lineages and, therefore, can establish
the relative ages of donor and recipient clades. This infor-
mation has been used in several ways: propagating absolute
date constraints along reticulated branches within gene
trees [32,33]; establishing the temporal coexistence of lineages
and consistency with fossil-calibrated divergence times [34];
co-estimating phylogenomic reconciliations and chronograms
[35] or constraining the sampling of molecular clock posterior
age estimates [19]. Much like the fossil record, these
approaches all depend upon the quality of HGT inferences.
These are frequently ambiguous due to lack of phylogenetic

resolution, and gene tree-species tree reconciliation methods
being sensitive to gene tree rootings, taxon sampling and
model parameters [36].

Here, we present molecular clock analyses that test the
impact of different sets of fossil calibrations on species tree
divergence time estimates, including the inclusion of plastid
lineages and different evolutionary rate models. We also
demonstrate how the use of HGTs can improve model selec-
tion criteria and impose more stringent constraints on
posterior subsampling for divergence time estimates. These
analyses provide consistent support for an Archean origin of
crown Cyanobacteria, and a long history of Archean biogenic
oxygen production, as well as more precise age estimates for
other key divergences in bacterial evolutionary history.

To account for the numerous sources of uncertainty in cyano-
bacterial divergence time estimates, the following sets of
conditions were tested: (i) inclusion of plastid lineages and
calibrations across evolutionary models; (ii) impact of different
cyanobacterial fossil calibrations; (iii) impact of different evol-
utionary models, including branch rate models and birth—
death process priors. Additionally (iv) the impact of relative
age constraints from 34 inter-phyla HGTs were tested, both
as a means of evaluating evolutionary models, and as a set
of constraints on the sampling of posterior age estimates.

Inclusion of red and green eukaryotic algal fossils as
younger-bound calibrations had only a minor impact on
crown cyanobacterial divergence times (table 1). However,
these analyses also yielded very old ages for crown Archae-
plastida, with mean ages ranging across models from 2.62
to 1.97 Ga. These age ranges were substantially older than
the oldest ages estimated for crown Eukarya in fossil-
calibrated eukaryal molecular clock studies that included
similarly old algal fossil constraints (approx. 1.8 Ga) [40].

Even in the absence of eukaryotic fossil calibrations, the
inclusion or omission of plastid sequences within the species
tree substantially impacted divergence time estimates (elec-
tronic supplementary material, table S1) suggesting that the
long branches within plastid lineages may result in an overes-
timation of divergence time estimates [16]. This effect was most
pronounced for uncorrelated branch rate models, with mean
ages of 2.58 Ga versus 3.07 Ga under a uniform (no_bd)
prior, and 2.81 Ga versus 3.17 Ga under a birth-death (bd)
prior (table 1). Autocorrelated models were more robust to
the inclusion of plastid lineages. For example, under the CIR _
nobd model, including plastid sequences increased mean age
estimates by only 95 Ma (2.69 Ga versus 2.76 Ga), supporting
the consistency and reliability of autocorrelated rate models
when estimating divergence times within this dataset.

This comparison suggests that placing a secondary older-
bound age constraint on Archaeplastida can enable cyanobac-
terial divergence time studies to make the best use of
eukaryotic palaeontological data. In fact, in the absence of
cyanobacterial fossil calibrations, constraining crown Archae-
plastida to be younger than 1.8 Ga had a large effect on the
observed crown age of Cyanobacteria across models.



Table 1. Impact of cyanobacterial fossil calibrations on divergence time estimates for crown Cyanobacteria. Fossil calibrations and key are described in electronic  [JEJi}
supplementary material, tables S2 and S3.

crown Cyanobacteria age estimate (Ma) (mean (95% (I))

evolutionary Obruchevella Obruchevella Obruchevella Obruchevella Obruchevella Eohyella
model Eohyella (BA) Fohyella endolith (BI) endolith eoentophysalis plastid®
plastid (BB) plastid® (B)) (BE)
UGAM bd 3445 (3841-3066) 2872 (3414-2567) 3553 (4027-3173) 2924 (3347-2628) 3068 (3585-2787)
UGAM nobd 3399 (3888—3109) 2774 (3114-2524) 3406 (3826-3093) 2836 (3276-2574) 2863 (3166—2656)
LN bd 3188 (3528-2923) 2875 (3253-2672) 3226 (3627-2938) 2978 (3437-2680) 3054 (3416-2861)
LN nobd 3142 (3457-2873) 2749 (3062-2575) 3220 (3556-2937) 2896 (3208-2622) 2947 (3351-2731)
(IR bd 3266 (3589-3027) 3136 (3365-2929) 3278 (3681-3067) 3163 (3463-2953) 3208 (3477-3008
(IR nobd 3110 (3434-2908) 2868 (3125-2680) 3113 (3350-2892) 2960 (3275-2780) 2977 (3219-2789)

®Plastid includes primary eukaryotic algal fossils, as well as secondary older-bound constraints on crown Archaeplastida. UGAM, uncorrelated gamma multipliers
model [37]; LN, lognormal autocorrelated model [38]; CIR, Cox—Ingersoll—Ross process model [39].

Compared to analyses that used algal fossil calibrations only
as younger-bounds (table 1), this additional constraint
pushed mean crown Cyanobacteria ages 213-338 Ma
younger under autocorrelated models (2.53-2.76 Ga), and
up to 759 Ma younger under uncorrelated models (2.44-
2.51 Ga).

(b) Cyanobacterial fossil calibrations independently

support similar Archean cyanobacterial crown ages
Cyanobacterial fossils Obruchevella, Eohyella and Eoentophysa-
lis are well known but have had limited utility in molecular
clock analyses because the proposed modern relatives of
these organisms have been poorly represented in phylo-
genetic trees. To determine their potential for use as
calibrations, we examined their likely placement in the tree,
as informed by newly sequenced cyanobacterial genomes
(as reported in [16] and the genomes sequenced for this
study). Two tightly coiled cyanobacteria from marine
microbial mats (BPC1 4624, BPC2 4625) were observed to
group with the previously sequenced tightly coiled Spirulina
sp. and not with the two loosely coiled sequenced Arthrospira
representatives. The absence of the coiled morphology from
other closely related cyanobacterial clades suggests the inde-
pendent evolution of this character within these two groups.
These molecular and morphological constraints motivated
the use of the approximately 1.50 Ga tightly coiled Obruche-
vella [28] as the younger bound for the group containing
the tightly coiled Spirulina sp. We did not explore the pro-
posed application of this calibration to the Arthrospira/
Spirulina ancestral node [23], because this would presume
the coiled fossil morphology as ancestral to all cyanobacterial
lineages within this morphologically diverse group, with
multiple independent losses throughout.

The approximately 1.6 Ga endolithic fossil [41], and the
0.8 Ga Eohyella [29] have clear morphological similarities to
extant endolithic cyanobacteria and their close relatives.
Some previous studies have interpreted the approximately
1.6 Ga endolithic fossil as a member of Pleurocapsales (e.g.
[42]). Six benthic, colonial coccoidal cyanobacteria from cul-
ture collections group with endolithic cyanobacteria within
Chroococcidiopsis / Chlorogloea [16]. Therefore, we applied a

younger-bound calibration of either 1.6 Ga (endolithic
fossil) or 0.8 Ga (Eohyella) to this total group. In the absence
of older-bound constraints on plastid ages, the age of
crown Cyanobacteria did not substantially change in
response to the inclusion of either fossil. In the presence of
older-bound constraints on plastids, the inclusion of the
older 1.6 Ga endolithic fossil calibration had a greater
impact, increasing the observed mean age by approximately
100 Ma, from 2868 to 2960 Ma (figure 1 and table 1).

Eoentophysalis is the oldest diagnostic cyanobacterial fossil
(approx. 2Ga, with new-age estimates of 2.02-1.85Ga
[27/43]). We sequenced and analysed four metagenome-
assembled genomes (MAGs) of pustular mat-forming, darkly
pigmented coccoidal cyanobacteria that are considered to be
morphological analogues of Eoentophysalis based on the
specific division patterns and multilayered thick exopolysac-
charide envelopes [44]. These MAGs grouped together in
our phylogenetic analysis and formed a clade that was sister
to Spirulina and its newly sequenced tightly coiled relatives
(figure 2). However, the specific placement of the group rep-
resented by the Eoentophysalis fossil remains unclear.
Therefore, we used this fossil as a younger-bound calibration
on a group including several coccoidal cyanobacteria with
multilayered envelopes that divide within the single envelope,
a shared derived character found within both Eoentophysalis
and this broader clade (figure 2, label 7). Including this Eoen-
tophysalis fossil calibration recovered a mean age for crown
Cyanobacteria of 2997 Ma. In the absence of plastid lineages
and secondary older-bound calibrations, these ages shifted
older by only approximately 100 Ma (table 1).

(¢) Evolutionary model choice is a major determinant
of divergence time estimates

The selection of evolutionary model often substantially
impacts results in molecular clock studies, and it is difficult
to determine a priori which model best recovers the evolution-
ary rates across a tree. In the absence of criteria for preferring a
particular model, a spread of age estimates across models
should be considered, which substantially increases overall
uncertainty [45]. The choice of evolutionary model is a com-
plex and ongoing debate (see discussions in [39,46]) that
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Figure 1. Posterior age distributions of crown Cyanobacteria using different
sets of fossil calibrations. Model labels are as specified in table 1 and elec-
tronic supplementary material, table S3: BA = Obruchevella + Eohyella
(orange); BB = Obruchevella + Eohyella + plastid (blue); BE = Obruchevella +
Eohyella + plastid + Eoentophysalis  (red); Bl = Obruchevella + endolithic
(purple); BJ = Obruchevella + endolithic + plastid (black). All ages shown
are for the CIR_nobd evolutionary model.

includes considerations of uncorrelated (e.g. [37]) or autocorre-
lated (e.g. [38,39]) branch-specific rate models, as well as priors
on the relative age distributions of divergences produced by
speciation and extinction (birth—-death) processes [46,47].

The evolutionary model parameters tested in this study
produced highly variable divergence time estimates, both in
the presence and absence of cyanobacterial fossil calibrations.
In the absence of cyanobacterial or algal fossil calibrations,
the 95% CI age range for crown Cyanobacteria across all
models spanned approximately 1100 Ma (3654-2552 Ma)
(table 1). The age range observed across all implemented
fossil calibration schemas was approximately 1097 Ma
across models, with mean values of approximately 1412 Ma
for uncorrelated models, and approximately 939 Ma for auto-
correlated models (table 1). Applying the most inclusive set
of fossil calibrations (schema BE) resulted in crown Cyano-
bacteria ages across models spanning a similar age range of
approximately 900 Ma (3585-2686 Ma) (table 1). Thus, for
this study, the impact of fossil calibration choice is compar-
able to that of the choice of evolutionary model. The
informativeness of the sequence data under the priors also
varied across evolutionary models for key nodes within the
chronograms (electronic supplementary material, figure S1).

(d) Horizontal gene transfer-based constraints increase
precision of divergence time estimates

To provide an empirical basis for the selection of evolution-
ary models, we used the relative ages of clades
independently established by HGTs. We identified 34
strongly supported, manually curated ‘index” HGTs between
four phyla in the species tree used for this study. These HGTs
represent 24 unique donor-recipient relative age constraints
within the species tree (electronic supplementary material,
table 5S4 and figure S2). Divergence times estimated under
each evolutionary model were tested for consistency with
these HGT constraints, in both the presence and absence of
cyanobacterial fossil calibrations. These results identified
the CIR process model combined with a uniform prior (CIR_-
nobd) as the most compatible in both the presence and
absence of fossil calibrations; 75.79% and 65.09% of the pos-
terior chronograms sampled under CIR nobd fulfilled HGT

constraints for uncalibrated (BH) and calibrated (BE) age esti-
mates, respectively. Other models showed consistently lower
compatibilities, between 51.83% and 58.85% for uncalibrated
estimates (BH), and between 44.45% and 56.86% for cali-
brated estimates (BE) (electronic supplementary material,
figure S3). The CIR _nobd model also had the most HGTs
consistent with at least 20% of the posterior space sampled
(21 out of 24 for uncalibrated age estimates (BH), 19 out of
24 for calibrated age estimates (BE); electronic supplementary
material, figure 54).

Only two HGT's showed zero or near-zero (less than 1.2%)
compatibility across all models, both with crown Chlorobia-
ceae as the recipient clade. Following a previous study [19],
we constrained the age of crown Chlorobiaceae with a
younger-bound calibration based on 1.64 Ga isorenieratane
carotenoid derivatives, as these lipids synthesized by a
subset of extant members of this group [48] (electronic sup-
plementary material, table S2). Because this inconsistency
was closely associated with one of the few calibrated nodes
within our analysis, we questioned the validity of this cali-
bration. Removing the calibration from the divergence time
estimation resulted in posterior ages with far greater compat-
ibilities across HGTs where Chlorobiaceae is the recipient
(electronic supplementary material, figure S5). This suggests
that the calibration is phylogenetically misplaced: the ability
to synthesize the observed 1.64 Ga biomarkers could have
arisen earlier, either in stem Chlorobiaceae or in an entirely
different clade of bacteria [49].

The preferred evolutionary model (CIR nobd) dated
crown Cyanobacteria to between 3275 and 2680 Ma, regardless
of the specific set of fossil calibrations used (table 1, figure 3).
The use of either the 1.6 Ga endolithic fossil (B] schema) or 2.0
Eoentophysalis (BE schema) calibrations independently pro-
duced similar age range estimates for crown Cyanobacteria,
with mean ages of 2960 Ma (95% CI 3275-2780 Ma) and
2977 Ma (95% CI 3219-2789 Ma), respectively (figure 2,
table 1). When only eukaryotic primary and secondary fossil
calibrations were used as calibrations, they recovered substan-
tially younger, but still very likely pre-GOE dates for crown
Cyanobacteria (95% CI 27332392 Ma). These age ranges
were also consistent with those observed in previous similar
molecular clock analyses that used a more controversial
1.6 Ga akinete fossil calibration [15,19]. The interpretation of
these fossils as akinetes is questioned [23], but our HGT-
constrained age estimates show the divergence of akinete-
forming heterocystous cyanobacteria from basal heterocyst-
forming types (represented in our tree by Rivularia) at 1177-
1617 Ma, not inconsistent with this interpretation (figure 2).

Age estimates for total group Cyanobacteria were also
similar under the CIR_nobd model, with the BE schema reco-
vering a mean age of 3468 Ma with a 95% CI age range
extending to 3716 Ma, and the BJ schema recovering a
mean age of 3450 Ma, with a 95% CI age range extending
to 3824 Ma. Finally, imposing index HGT constraints on the
subsampling of chronograms used to calculate posterior
ages increased the precision of age estimates across the tree,
and shifted the mean ages for most nodes substantially
younger (figure 2, table 2). For the BE schema, the resulting
mean ages of crown Cyanobacteria under the CIR nobd
model shifted 87 Ma younger to 2900 Ma (95% CI: 2958-
2774 Ma) (electronic supplementary material, figure S6),
and total group Cyanobacteria shifted 81 Ma younger to
3387 Ma (95% CI 3496-3278 Ma).
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estimates for each node are additionally included (black dashes indicate mean ages, purple bars indicate 95% (I uncertainty ranges). Major non-cyanobacterial clades
are collapsed (grey triangles). Numbers indicate nodes of fossil calibrations (electronic supplementary material, table S2). Background colours represent Archean
(red), Proterozoic (orange) and Phanerozoic (yellow) eons. The older and younger-bounds for the cyanobacterial stem lineage are indicated by dotted lines.

(e) Post-Cryogenian origins of marine Synechococcus
and Prochlorococcus

Marine Synechococcus and Prochloroccus species (the marine
picocyanobacteria ‘SynPro” group) are widespread, abundant
and responsible for much of marine and planetary primary
production [50,51]. Molecular clock analyses are especially

important for understanding the evolutionary history of
these groups because they do not produce a lipid biomarker
record and have negligible preservation and fossilization
potential [23]. Our analyses date the last common ancestor
of extant marine SynPro to some time between the latest
Cambrian (491 Ma) and the Middle Carboniferous (340 Ma)
with a most likely age of 424 Ma (figure 2, table 2). This is
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Table 2. Time estimates for a selection of key divergences under the CIR_nobd evolutionary model. Fossil calibrations are as described in table 1 and electronic supplementary material, table S3. ‘Total’ refers to total groups (inclusive of

stem lineage).

divergence time estimates: CIR nobd (Ga) (mean (95% Cl))
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306034
363 (3.76-3.48)

2.3 (2.47-2.10) 3.18 (3.28-3.12)

3.42 (3.51-3.29)

0.57 (0.67-0.49)

2.90 (2.96-2.77)

3.39 (3.50-3.28)

consistent with a previously published mean age estimate
[52] but narrows the uncertainty and places this diversifica-
tion squarely within the Palaeozoic. The divergence of total
group marine SynPro from other groups (Cyanobium and
related Synechococcus) most likely occurred during Late Edia-
caran (571 Ma), potentially as early as the end of the Sturtian
glacial period during the Cryogenian (666 Ma), or as recent as
the Late Cambrian (494 Ma). This shrinks the previously esti-
mated range, which extended from the Late Tonian (786 Ma)
to the Early Carboniferous (355 Ma) [52]. In the absence of
HGT constraints, our age estimate for this node also extends
to the Late Tonian (726 Ma) (table 2).

3. Discussion

Analyses presented here consistently support the diversifica-
tion of crown Cyanobacteria in the Archean, across several
different evolutionary models and sets of fossil calibrations.
The most constrained analyses under the preferred evolution-
ary model (CIR_nobd) date crown Cyanobacteria to the Late
Mesoarchean or earliest Neoarchaean, with oxygenic photo-
synthesis predating the GOE by at least 360 Ma. If so, this
lends independent support to some interpretations of the tex-
tural and geochemical Archean record as evidence for the
presence of biogenic oxygenation (figure 4). These molecular
clock analyses do not directly reveal how long cyanobacteria
were oxygenic before their crown diversification because
species trees do not currently resolve the evolutionary tran-
sitions between intermediate physiological states such as the
integration of two photosystems with chlorophyll, or the incor-
poration of an oxygen-evolving complex. Any groups
containing these intermediate sets of characters are either
extinct or remain undiscovered. Under the additional and
most parsimonious hypothesis that oxygenic photosynthesis
originally arose in the cyanobacterial stem lineage following
divergence from a non-photosynthetic sister group (specific
scenarios are discussed in [53-55]), the age of total group
Cyanobacteria serves as an older-bound on the origin of
oxygenic photosynthesis. Alternatively, studies of individual
photosystem genes have led to other, more complex scenarios,
that hypothesize oxygenic phototrophy as more ancestral
within bacterial diversity [21]. Under this proposed schema
(figure 4), these dates suggest that a diverse and ecologically
robust microbial ecosystem existed on Earth long before the
evolution of oxygenic phototrophy. Inclusion of additional
deeply branching phyla and index HGT constraints, or new
evolutionary rate models could potentially further increase the
precision and robustness of these age estimates. Finally, since
the primary fossil calibrations used here are only younger-
bounds, future discoveries of even older diagnostic fossils
may provide additional evidence for crown Cyanobacteria
and oxygenic photosynthesis during the Archean.

Our study suggests that the deepest branching extant
cyanobacterial lineages (Gloeobacterales and the A /B’ lineages
of thermophilic Synechococcus) likely diverged by 2.7 Ga.
Based on the estimated ages of the deepest branching extant
cyanobacterial lineages (figure 4), the 2.7 Ga fossils and stro-
matolites attributed to benthic filamentous cyanobacteria
[4,56] likely represent extinct or undiscovered groups that are
distinct from later-diverging known groups of filamentous
cyanobacteria. Our age estimates for crown Cyanobacteria
are also in line with the proposed geochemical evidence for
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and morphological evidence of oxygenic photosynthesis (detailed in electronic

localized and/or transient environmental oxygenation in the
Late Archean (e.g. [2]). The age estimate for total group Cyano-
bacteria extending to approximately 3.50 Ga also allows for
interpretations of textures in approximately 3 Ga Archean stro-
matolites from the Chobeni Formation [57] and some Archean
trace metal oxidations [58,59] as oxygen-related, although less
confidently so [7]. These age estimates are sufficiently restric-
tive to argue against a default cyanobacterial interpretation
of all geochemical and morphological biosignatures older

supplementary material, text S5).

than approximately 3 Ga. Instead, we interpret these results
as being most consistent with primary producers in shallow
water environments before approximately 3.4 Ga being early
anoxygenic phototrophs of a likely extinct bacterial lineage,
rather than oxygenic cyanobacteria, anoxygenic stem cyano-
bacteria or ancestors of the current anoxygenic phototrophic
lineages (figure 4).

These age estimates suggest that early crown-group
Cyanobacteria had little global atmospheric impact. By
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contrast, the most abundant and diverse extant cyanobacter-
ial clades do appear to radiate around the time of the GOE
(figure 2). This supports a scenario in which ecological
expansion and environmental diversification of cyanobacteria
increased global carbon fixation and oxygen production at
this time, in concert with additional geochemical, tectonic,
atmospheric and microbiological processes (e.g. [60]).

These results also inform more recent periods of Earth
history. Our results place the divergence of marine SynPro
during or shortly after the Cryogenian glaciations. These
periods of intense glaciation may have wiped out more
ancient groups of marine cyanobacteria, with marine
SynPro simply being the most recent ecological successors
in this niche, along with eukaryotic algae [61,62]. Such pat-
terns of extinction and succession within cyanobacteria
would complicate attempts at ancestral environmental recon-
struction based on the environmental distributions of extant
species (e.g. [15]).

In summary, results obtained without using any calibra-
tions that arise from geochemical hypotheses can be used
as independent tests of the proposed geochemical evidence
for the history of oxygenic photosynthesis. Our conclusions
promote a view of cyanobacterial evolution that takes into
account the extinction and succession of microbial groups,
and an awareness of ecological prominence, rather than
evolutionary origin, as a driving force behind planetary
biogeochemical change.

4. Methods

(a) Collection, enrichment, genome sequencing and
assembly of the metagenome-assembled genomes
of modern benthic cyanobacteria

Pustular and tufted microbial mats made by coccoidal cyanobac-
teria and other organisms were collected from Hamelin Pool near
Carbla Station in Western Australia. These samples were col-
lected under a Regulation 17 license, number 08-000373-1.
Sample collection, enrichment of coccoidal cyanobacteria that
form pustular mats and growth conditions are described in
[44]. Detailed culturing, DNA extraction, sequencing, metagen-
ome assembly and completeness/contamination testing
methods are provided in electronic supplementary material,
text S3. Following successful sequencing and reconstruction of
cyanobacterial MAGs (greater than 97% complete and less than
3% contamination), ribosomal protein sequences used in [16]
were identified and extracted from the resulting genomic assem-
blies using BLASTX.

(b) Species tree reconstruction

The species tree used in this study was based upon the tree pub-
lished in [16] using identical taxon sampling, with the addition of
the newly sequenced strains described above (electronic sup-
plementary material, table S5). Homologous ribosomal protein
sequences identified from these newly sequenced genomes were
added to each of the 30 ribosomal protein alignments, and re-
aligned with MUSCLE v. 3.8.31 [63] and concatenated using FAS-
conCAT v. 1.0 [64]. Best-fitting substitution model analyses were
carried out using ProtTest v. 3.4.2 [65,66]. Maximum-likelihood
trees both including and excluding plastid sequences were made
with RAXML v. 8.1.9 [67] using the best fitting model parameters
(four gamma-distributed site rate categories with estimated shape
parameter (2=0.827794) and an LG substitution model).

Concatenated alignments and species trees are provided in elec-
tronic supplementary material, dataset S4 [68].

(c) Detection of index horizontal gene transfers
Inter-phylum index HGT candidates were identified using a dis-
tance-based metric derived from the eggNOG 5.0 database [69],
with subsequent phylogenetic analysis of candidate gene
families. A detailed description of this approach is provided in
(electronic supplementary material, text 54). Thirty-four index
HGT events were identified that clearly constrained relative
ages of donor and recipient clades within different phyla on
the species tree, representing 24 unique pairs of donor and reci-
pient clades (electronic supplementary material, table S4).
Figures of trees containing labelled donor-recipient index HGT
pairs are provided in electronic supplementary material, dataset
S1 [68], and alignments and gene trees for each inferred index
HGT are provided in electronic supplementary material, datasets
S2 and S3 [68].

(d) Molecular clocks and fossil calibrations
All primary fossil calibrations were applied as hard younger
bound minimum age constraints (electronic supplementary
material, table S2). Secondary calibration for the last common
ancestor of plastids was applied as a range between 1050 Ma
for the younger bound (the age of Bangiomorpha [30]) and
1800 Ma for the older bound, as estimated in [62]. Additional pri-
mary calibrations for plastid groups were also used, consisting of
green algal and dinoflagellate fossils (electronic supplementary
material, table S2). Other calibrations applied to outgroups are
the same as in [19]. The root prior on the bacterial ancestor
was normally distributed with a mean age of 3900 Ma and stan-
dard deviation of 200 Ma, in order to approximate a plausible
range of hypotheses for the age of the bacterial root between
4300 and 3500 Ma [19]. Hard bounds were not included on the
root prior with the goal of identifying model parameters and
calibrations that push the root age estimate beyond plausible
constraint (i.e. the age of the Earth) as a further means of
model evaluation. Hard bounds at 4.4 Ga and 3.5Ga were
included on the root prior when estimating prior and posterior
age estimates in the absence of any other calibration.
Divergence time estimates were calculated with Phylobayes
4.1c, using C20 substitution models, birth-death and uniform
tree priors, and uncorrelated gamma distributed, autocorrelated
lognormal and autocorrelated CIR process rate models for both
prior and posterior estimates [70]. Two chains were run for
each analysis using the default settings for the automatic stop-
ping rule. For each analysis, at least the first 20% of chains
were excluded as burn-in before the sampling of prior and pos-
terior trees and calculation of age distributions in the
chronogram (1 k trees for uncorrelated models, and 10 k trees
for autocorrelated models). Chronograms and dates output files
are available for each evolutionary model and set of calibrations
in electronic supplementary material, dataset S5 [68].

(e) Application of horizontal gene transfer-based age
constraints

HGT-constrained age estimates were generated for the BE and
BH calibration schemas. As provided by the ‘datedist’” output
file from PhyloBayes, chronograms sampled after burn-in each
represent a likely hypothesis under the given evolutionary
model. For each HGT constraint, ‘compatible’ chronograms
show the donor being older than the recipient; the percentage
of compatible chronograms was then calculated for each
HGT constraint (electronic supplementary material, figures S3
and 54). To estimate a posterior age distribution for chronograms
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compatible with as many HGT constraints as possible, sets of
trees passing n HGT constraints were compiled, from n=1 to
n =24 (electronic supplementary material, figure S6). Posterior
age estimates were then calculated from the n =21 set of trees
(figures 2 and 3). This used the largest number of HGT con-
straints that recovered a set of compatible chronograms large
enough (n=28) to estimate age distributions. This method is
robust against the impact of a single HGT constraint or biases
arising from the stepwise addition of constraints given that
each set of n constraints can include any combination of HGTs.

Supporting data files are available from the Dryad Digital

Repository: https://doi.org/10.5061/dryad.x69p8czhm [71].
The data are provided in electronic supplementary material [72].
G.P.E.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, project

administration, resources, software, supervision, validation, visual-
ization, writing—original draft, writing—review and editing;
KRM.: conceptualization, data curation, formal analysis, investi-
gation, resources, writing—original draft; L.T.R.: data curation,
formal analysis, methodology, software, supervision, validation;
J.P.: data curation, formal analysis, investigation, methodology, soft-
ware, validation, visualization; L.M.: data curation, formal analysis,
investigation, methodology, resources; T.B.: funding acquisition,
investigation, methodology, project administration, resources,
supervision, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

We declare we have no competing interests.

This work was supported by the Simons Foundation Collab-
oration on the Origin of Life award grant no. 339603 to G.P.F. and
award grant no. 327126 to T.B. and NSF Integrated Earth Systems
award EAR grant no. 1615426 to G.P.F.

Martin WF, Bryant DA, Beatty JT. 2018 A 10.  Sanchez-Baracaldo P. 2015 Origin of marine and fossil evidence illuminates life’s early evolution
physiological perspective on the origin and planktonic cyanobacteria. Sci. Rep. 5, 17418. and eukaryote origin. Nat. Ecol. Evol. 2, 1556-1562.
evolution of photosynthesis. FEMS Micrabiol. Rev. (doi:10.1038/srep17418) (doi:10.1038/s41559-018-0644-x)

42, 205-231. (doi:10.1093/femsre/fux056) 11. Ward BA, Dutkiewicz S, Follows MJ. 2014 Modelling ~ 21. Oliver T, Sénchez-Baracaldo P, Larkum AW,

Lyons TW, Reinhard CT, Planavsky NJ. 2014 The rise spatial and temporal patterns in size-structured Rutherford AW, Cardona T. 2021 Time-resolved

of oxygen in Earth’s early ocean and atmosphere. marine plankton communities: top-down and comparative molecular evolution of oxygenic
Nature 506, 307-315. (doi:10.1038/nature13068) bottom-up controls. J. Plankton Res. 36, 31-47. photosynthesis. Biochim. Biophys. Acta 1862,
Buick R. 1992 The antiquity of oxygenic (doiz10.1093/plankt/fht097) 148400. (doi:10.1016/j.bbabio.2021.148400)
photosynthesis: evidence from stromatolites in 12. Falcén LI, Magallén S, Castillo A. 2010 Dating the ~ 22. Shih PM, Hemp J, Ward LM, Matzke NJ, Fischer
sulphate-deficient Archaean lakes. Science 255, cyanobacterial ancestor of the chloroplast. ISME J. 4, WW. 2017 Crown group Oxyphotobacteria postdate
74-77. (doi:10.1126/science.11536492) 777-783. (doi:10.1038/ismej.2010.2) the rise of oxygen. Geobiology 15, 19-29. (doi:10.
Sim MS, Liang B, Petroff AP, Evans A, Klepac-Ceraj ~ 13. Shih PM, Matzke NJ. 2013 Primary endosymbiosis 1111/gbi.12200)

V, Flannery DT, Walter MR, Bosak T. 2012 Oxygen- events date to the later Proterozoic with cross- 23. Butterfield NJ. 2015 Proterozoic photosynthesis—a
dependent morphogenesis of modern clumped calibrated phylogenetic dating of duplicated ATPase critical review. Palaeontology 58, 953-972. (doi:10.
photosynthetic mats and implications for the proteins. Proc. Natl Acad. Sci. USA 110, 12 355-12 1111/pala.12211)

Archean stromatolite record. Geosciences 2, 360. (doi:10.1073/pnas.1305813110) 24, Javaux EJ, Lepot K. 2018 The Paleoproterozoic
235-259. (doi:10.3390/geosciences2040235) 14.  Gibson TM et al. 2018 Precise age of Bangiomorpha fossil record: implications for the evolution of
Flannery DT, Walter MR. 2012 Archean tufted pubescens dates the origin of eukaryotic photosynthesis. the biosphere during Earth’s middle-age. Earth
microbial mats and the Great Oxidation Event: Geology 46, 135-138. (doi:10.1130/G39829.1) Sdi. Rev. 176, 68-86. (doi:10.1016/j.earscirev.2017.
new insights into an ancient problem. 15.  Sanchez-Baracaldo P, Raven JA, Pisani D, Knoll AH. 10.001)

Aust. J. Earth Sci. 59, 1-11. (doi:10.1080/ 2017 Early photosynthetic eukaryotes inhabited 25. Shih PM. 2015 Photosynthesis and early Earth. Curr.
08120099.2011.607849) low-salinity habitats. Proc. Nat/ Acad. Sci. USA 114, Biol. 25, R855-R859. (doi:10.1016/j.cub.2015.04.046)
Homann M, Heubeck C, Airo A, Tice MM. 2015 E7737-E7745. (d0i:10.1073/pnas.1620089114) 26.  Golubic S, Hofmann HJ. 1976 Comparison of holocene
Morphological adaptations of 3.22 Ga-old tufted 16. Moore KR, Magnabosco C, Momper L, Gold DA, and mid-precambrian Entophysalidaceae

microbial mats to Archean coastal habitats (Moodies Bosak T, Fournier GP. 2019 An expanded ribosomal (cyanophyta) in stromatolitic algal mats: cell division
Group, Barberton Greenstone Belt. South Aftica). phylogeny of cyanobacteria supports a deep and degradation. J. Paleontol. 50, 1074—1082.
Precambrian Res. 266, 47—64. (doi:10.1016/j. placement of plastids. Front. Microbiol. 10, 1612. 27.  Hofmann HJ. 1976 Precambrian microflora, Belcher
precamres.2015.04.018) (doi:10.3389/fmich.2019.01612) Islands, Canada: significance and systematics.

Daye M, Klepac-Ceraj V, Pajusalu M, Rowland S, 17.  Garcia-Pichel F, Lombard J, Soule T, Dunaj S, Wu SH, J. Paleontol. 50, 1040-1073.

Farrell-Sherman A, Beukes N, Tamura N, Fournier G, Wojciechowski MF. 2019 Timing the evolutionary 28. Shi M, Feng Q, Khan MZ, Zhu S. 2017 An eukaryote-
Bosak T. 2019 Light-driven anaerobic microbial advent of Cyanobacteria and the later Great Oxidation bearing microbiota from the early Mesoproterozoic
oxidation of manganese. Nature 576, 311-314. Event using gene phylogenies of a sunscreen. mBio 10, Gaoyuzhuang Formation, Tianjin, China and its
(doi:10.1038/541586-019-1804-0) €00561-19. (doi:10.1128/mBio.00561-19) significance. Precambrian Res. 303, 709-726.
Battistuzzi FU, Feijao A, Hedges SB. 2004 A genomic ~ 18. Schirrmeister BE, Gugger M, Donoghue PU. 2015 (doi:10.1016/j.precamres.2017.09.013)

timescale of prokaryote evolution: insights into the (yanobacteria and the Great Oxidation Event: 29. Green JW, Knoll AH, Swett K. 1988 Microfossils from
origin of methanogenesis, phototrophy, and the evidence from genes and fossils. Palaeontology 58, oolites and pisolites of the Upper Proterozoic
colonization of land. BMC Evol. Biol. 4, 44. (doi:10. 769-785. (doi:10.1111/pala.12178) Eleonore Bay Group, central East Greenland.
1186/1471-2148-4-44) 19.  Magnabosco C, Moore KR, Wolfe JM, Fournier GP. J. Paleontol. 62, 835-852. (doi:10.1017/

Tomitani A, Knoll AH, Cavanaugh CM, Ohno T. 2006 2018 Dating phototrophic microbial lineages with $0022336000030109)

The evolutionary diversification of cyanobacteria: reticulate gene histories. Geobiology 16, 179—189. 30. Butterfield NJ. 2000 Bangiomorpha pubescens
molecular-phylogenetic and paleontological (doiz10.1111/gbi.12273) n. gen., n. sp.: implications for the evolution of sex,
perspectives. Proc. Natl Acad. Sci. USA 103, 20. Betts HC, Puttick MN, Clark JW, Williams TA, multicellularity, and the Mesoproterozoic/

5442-5447. (doi:10.1073/pnas.0600999103)

Donoghue PCJ, Pisani D. 2018 Integrated genomic

Neoproterozoic radiation of eukaryotes. Paleobiology


https://doi.org/10.5061/dryad.x69p8czhm
https://doi.org/10.5061/dryad.x69p8czhm
http://dx.doi.org/10.1093/femsre/fux056
http://dx.doi.org/10.1038/nature13068
http://dx.doi.org/10.1126/science.11536492
http://dx.doi.org/10.3390/geosciences2040235
http://dx.doi.org/10.1080/08120099.2011.607849
http://dx.doi.org/10.1080/08120099.2011.607849
http://dx.doi.org/10.1016/j.precamres.2015.04.018
http://dx.doi.org/10.1016/j.precamres.2015.04.018
http://dx.doi.org/10.1038/s41586-019-1804-0
http://dx.doi.org/10.1186/1471-2148-4-44
http://dx.doi.org/10.1186/1471-2148-4-44
http://dx.doi.org/10.1073/pnas.0600999103
http://dx.doi.org/10.1038/srep17418
http://dx.doi.org/10.1093/plankt/fbt097
http://dx.doi.org/10.1038/ismej.2010.2
http://dx.doi.org/10.1073/pnas.1305813110
http://dx.doi.org/10.1130/G39829.1
http://dx.doi.org/10.1073/pnas.1620089114
http://dx.doi.org/10.3389/fmicb.2019.01612
http://dx.doi.org/10.1128/mBio.00561-19
http://dx.doi.org/10.1111/pala.12178
http://dx.doi.org/10.1111/gbi.12273
http://dx.doi.org/10.1038/s41559-018-0644-x
http://dx.doi.org/10.1016/j.bbabio.2021.148400
http://dx.doi.org/10.1111/gbi.12200
http://dx.doi.org/10.1111/gbi.12200
http://dx.doi.org/10.1111/pala.12211
http://dx.doi.org/10.1111/pala.12211
http://dx.doi.org/10.1016/j.earscirev.2017.10.001
http://dx.doi.org/10.1016/j.earscirev.2017.10.001
http://dx.doi.org/10.1016/j.cub.2015.04.046
http://dx.doi.org/10.1016/j.precamres.2017.09.013
http://dx.doi.org/10.1017/S0022336000030109
http://dx.doi.org/10.1017/S0022336000030109

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

26, 386—404. (doi:10.1666/0094-8373(2000)026<
0386:BPNGNS>2.0.€0;2)

Butterfield NJ, Knoll AH, Swett K. 1988 Exceptional
preservation of fossils in an Upper Proterozoic shale.
Nature 334, 424-427. (doi:10.1038/334424a0)
Wolfe JM, Fournier GP. 2018 Horizontal gene
transfer constrains the timing of methanogen
evolution. Nat. Ecol. Evol. 2, 897-903. (doi:10.1038/
5s41559-018-0513-7)

Gruen DS, Wolfe JM, Fournier GP. 2019 Paleozoic
diversification of terrestrial chitin-degrading
bacterial lineages. BMC Evol. Biol. 19, 34. (doi:10.
1186/512862-019-1357-8)

Davin AA, Tannier E, Williams TA, Boussau B, Daubin
V, SzdllGsi GJ. 2018 Gene transfers can date the tree
of life. Nat. Ecol. Evol. 2, 904-909. (doi:10.1038/
5s41559-018-0525-3)

Szollosi GJ, Boussau B, Abby SS, Tannier E, Daubin
V. 2012 Phylogenetic modeling of lateral gene
transfer reconstructs the pattern and relative timing
of speciations. Proc. Natl Acad. Sci. USA 109, 17
513-17 518. (doi:10.1073/pnas.1202997109)

Wade T, Rangel LT, Kundu S, Fournier GP, Bansal MS.
2020 Assessing the accuracy of phylogenetic rooting
methods on prokaryotic gene families. PLoS ONE 15,
€0232950. (doi:10.1371/journal.pone.0232950)
Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. 2006
Relaxed phylogenetics and dating with confidence.
PLoS Biol. 4, e88. (doi:10.1371/journal.pbio.0040083)
Thorne JL, Kishino H, Painter IS. 1998 Estimating
the rate of evolution of the rate of molecular
evolution. Mol. Biol. Evol. 15, 1647-1657. (doi:10.
1093/oxfordjournals.molbev.a025892)

Lepage T, Bryant D, Philippe H, Lartillot N. 2007 A
general comparison of relaxed molecular clock
models. Mol. Biol. Evol. 24, 2669—-2680. (doi:10.
1093/molbev/msm193)

Eme L, Sharpe SC, Brown MW, Roger AJ. 2014 On the
age of eukaryotes: evaluating evidence from fossils
and molecular dlocks. Cold Spring Harb. Perspect. Biol.
6, a016139. (doi:10.1101/cshperspect.a016139)
Zhang Y, Golubic S. 1987 Endolithic microfossils
(cyanophyta) from early Proterozoic stromatolites,
Hebei, China. Acta Micropalaeontol. Sin. 4, 1-12.
Blank CE, SaNchez-Baracaldo P. 2010 Timing of
morphological and ecological innovations in the
cyanobacteria—a key to understanding the rise in
atmospheric oxygen: timing of evolutionary
innovations in the Cyanobacteria. Geobiology 8,
1-23. (doi:10.1111/j.1472-4669.2009.00220.x)
Hodgskiss MSW, Dagnaud OMJ, Frost JL, Halverson GP,
Schmitz MD, Swanson-Hysell NL, Sperling EA. 2019
New insights on the Orosirian carbon cycle, early
(yanobacteria, and the assembly of Laurentia from the
Paleoproterozoic Belcher Group. Farth Planet. Sdi. Lett.
520, 141-152. (doi:10.1016/j.eps1.2019.05.023)
Moore KR, Pajusalu M, Gong J, Sojo V, Matreux T,
Braun D, Bosak T. 2020 Biologically mediated
silicification of marine cyanobacteria and
implications for the Proterozoic fossil record.
Geology 48, 862—866. (doi:10.1130/G47394.1)

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

dos Reis M, Thawornwattana Y, Angelis K, Telford
MJ, Donoghue PU, Yang Z. 2015 Uncertainty in the
timing of origin of animals and the limits of
precision in molecular timescales. Curr. Biol. 25,
2939-2950. (doi:10.1016/j.cub.2015.09.066)
Bromham L, Duchéne S, Hua X, Ritchie AM,
Duchéne DA, Ho SYW. 2018 Bayesian molecular
dating: opening up the black box: Bayesian
molecular dating: opening the black box. Biol. Rev.
93, 1165-1191. (doi:10.1111/brv.12390)

Rannala B, Yang Z. 1996 Probability distribution of
molecular evolutionary trees: a new method of
phylogenetic inference. J. Mol. Evol. 43, 304-311.
(doi:10.1007/BF02338839)

Brocks JJ, Schaeffer P. 2008 Okenane, a biomarker
for purple sulfur bacteria (Chromatiaceae),

and other new carotenoid derivatives from the
1640 Ma Barney Creek Formation. Geochim.
Cosmochim. Acta 72, 1396-1414. (doi:10.1016/j.
g¢a.2007.12.006)

Cui X, Liu X-L, Shen G, Ma J, Husain F, Rocher D,
Zumberge JE, Bryant DA, Summons RE. 2020 Niche
expansion for phototrophic sulfur bacteria at the
Proterozoic—Phanerozoic transition. Proc. Nat/ Acad.
Sci. USA 117, 17 599-17 606. (doi:10.1073/pnas.
2006379117)

Partensky F, Hess WR, Vaulot D. 1999
Prochlorococcus, a marine photosynthetic
prokaryote of global significance. Microbiol. Mol.
Biol. Rev. 61, 106-127. (doi:10.1128/MMBR.63.1.
106-127.1999)

Waterbury JB, Watson SW, Guillard RRL, Brand LE.
1979 Widespread occurrence of a unicellular,
marine, planktonic, cyanobacterium. Nature 277,
293-294. (doi:10.1038/277293a0)
Sanchez-Baracaldo P, Bianchini G, Di Cesare A,
Callieri C, Chrismas NAM. 2019 Insights into the
evolution of picocyanobacteria and phycoerythrin
genes (mpeBA and cpeBA). Front. Microbiol. 10, 45.
(doi:10.3389/fmicb.2019.00045)

Mulkidjanian AY et al. 2006 The cyanobacterial
genome core and the origin of photosynthesis. Proc.
Natl Acad. Sci. USA 103, 13 126-13 131. (doi:10.
1073/pnas.0605709103)

Sousa FL, Shavit-Grievink L, Allen JF, Martin WF.
2013 Chlorophyll biosynthesis gene evolution
indicates photosystem gene duplication, not
photosystem merger, at the origin of oxygenic
photosynthesis. Genome Biol. Evol. 5, 200-216.
(doiz10.1093/gbe/evs127)

Soo RM, Hemp J, Parks DH, Fischer WW, Hugenholtz P.
2017 On the origins of oxygenic photosynthesis and
aerobic respiration in Cyanobacteria. Science 355,
1436-1440. (doi:10.1126/science.aal3794)

Wilmeth DT, Corsetti FA, Beukes NJ, Awramik SM,
Petryshyn V, Spear JR, Celestian AJ. 2019
Neoarchean (2.7 Ga) lacustrine stromatolite deposits
in the Hartbeesfontein Basin, Ventersdorp
Supergroup, South Africa: implications for oxygen
oases. Precambrian Res. 320, 291-302. (doi:10.
1016/j.precamres.2018.11.009)

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

Bosak T, Knoll AH, Petroff AP. 2013 The meaning of m

stromatolites. Annu. Rev. Earth Planet. Sci. 41,
21-44. (doi:10.1146/annurev-earth-042711-105327)
Planavsky NJ et al. 2014 Evidence for oxygenic
photosynthesis half a billion years before the Great
Oxidation Event. Nat. Geosci. 7, 283-286. (doi:10.
1038/nge02122)

Crowe SA, Dassing LN, Beukes NJ, Bau M, Kruger SJ,
Frei R, Canfield DE. 2013 Atmospheric oxygenation
three billion years ago. Nature 501, 535-538.
(doi:10.1038/nature12426)

Goldblatt C, Lenton TM, Watson AJ. 2006 Bistability
of atmospheric oxygen and the great oxidation.
Nature 443, 683—686. (doi:10.1038/nature05169)
Hoshino Y et al. 2017 Cryogenian evolution of
stigmasteroid biosynthesis. Sci. Adv. 3, e1700887.
(doi:10.1126/sciadv.1700887)

Brocks 1), Jarrett AJM, Sirantoine E, Hallmann C,
Hoshino Y, Liyanage T. 2017 The rise of algae in
(ryogenian oceans and the emergence of animals.
Nature 548, 578-581. (doi:10.1038/nature23457)
Edgar RC. 2004 MUSCLE: multiple sequence alignment
with high accuracy and high throughput. Nucleic Acids
Res. 32, 1792-1797. (doi:10.1093/nar/gkh340)

Kiick P, Meusemann K. 2010 FASconCAT: convenient
handling of data matrices. Mol. Phylogenet. Evol.
56, 1115-1118. (doi:10.1016/j.ympev.2010.04.024)
Abascal F, Zardoya R, Posada D. 2005 ProtTest:
selection of best-fit models of protein evolution.
Bioinformatics 21, 2104-2105. (doi:10.1093/
bioinformatics/bti263)

Darriba D, Taboada GL, Doallo R, Posada D. 2011
ProtTest 3: fast selection of best-fit models of
protein evolution. Bioinformatics 27, 1164-1165.
(doi:10.1093/bioinformatics/btr088)

Stamatakis A. 2014 RAXML version 8: a tool for
phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 30, 1312—1313. (doi:10.
1093/bioinformatics/btu033)

Fournier G. 2021 Data from: The Archean origin of
oxygenic photosynthesis and extant cyanobacterial
lineages. Dryad Digital Repository. (doi:10.5061/
dryad.x69p8czhm)

Huerta-Cepas J et al. 2019 eggNOG 5.0: a
hierarchical, functionally and phylogenetically
annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acids Res. 47,
D309-D314. (doi:10.1093/nar/gky1085)

Lartillot N, Lepage T, Blanquart S. 2009 PhyloBayes 3:
a Bayesian software package for phylogenetic
reconstruction and molecular dating. Bioinformatics
25, 2286-2288. (doi:10.1093/bioinformatics/btp368)
Fournier GP, Moore KR, Rangel LT, Payette JG,
Momper L, Bosak T. 2021 Data from: The Archean
origin of oxygenic photosynthesis and extant
cyanobacterial lineages. Dryad Digital Repository.
(doi:10.5061/dryad.x69p8czhm)

Fournier GP, Moore KR, Rangel LT, Payette JG,
Momper L, Bosak T. 2021 The Archean origin of
oxygenic photosynthesis and extant cyanobacterial
lineages. FigShare.


http://dx.doi.org/10.1666/0094-8373(2000)026%3C0386:BPNGNS%3E2.0.CO;2
http://dx.doi.org/10.1666/0094-8373(2000)026%3C0386:BPNGNS%3E2.0.CO;2
http://dx.doi.org/10.1038/334424a0
http://dx.doi.org/10.1038/s41559-018-0513-7
http://dx.doi.org/10.1038/s41559-018-0513-7
http://dx.doi.org/10.1186/s12862-019-1357-8
http://dx.doi.org/10.1186/s12862-019-1357-8
http://dx.doi.org/10.1038/s41559-018-0525-3
http://dx.doi.org/10.1038/s41559-018-0525-3
http://dx.doi.org/10.1073/pnas.1202997109
http://dx.doi.org/10.1371/journal.pone.0232950
http://dx.doi.org/10.1371/journal.pbio.0040088
http://dx.doi.org/10.1093/oxfordjournals.molbev.a025892
http://dx.doi.org/10.1093/oxfordjournals.molbev.a025892
http://dx.doi.org/10.1093/molbev/msm193
http://dx.doi.org/10.1093/molbev/msm193
http://dx.doi.org/10.1101/cshperspect.a016139
http://dx.doi.org/10.1111/j.1472-4669.2009.00220.x
http://dx.doi.org/10.1016/j.epsl.2019.05.023
http://dx.doi.org/10.1130/G47394.1
http://dx.doi.org/10.1016/j.cub.2015.09.066
http://dx.doi.org/10.1111/brv.12390
http://dx.doi.org/10.1007/BF02338839
http://dx.doi.org/10.1016/j.gca.2007.12.006
http://dx.doi.org/10.1016/j.gca.2007.12.006
http://dx.doi.org/10.1073/pnas.2006379117
http://dx.doi.org/10.1073/pnas.2006379117
http://dx.doi.org/10.1128/MMBR.63.1.106-127.1999
http://dx.doi.org/10.1128/MMBR.63.1.106-127.1999
http://dx.doi.org/10.1038/277293a0
http://dx.doi.org/10.3389/fmicb.2019.00045
http://dx.doi.org/10.1073/pnas.0605709103
http://dx.doi.org/10.1073/pnas.0605709103
http://dx.doi.org/10.1093/gbe/evs127
http://dx.doi.org/10.1126/science.aal3794
http://dx.doi.org/10.1016/j.precamres.2018.11.009
http://dx.doi.org/10.1016/j.precamres.2018.11.009
http://dx.doi.org/10.1146/annurev-earth-042711-105327
http://dx.doi.org/10.1038/ngeo2122
http://dx.doi.org/10.1038/ngeo2122
http://dx.doi.org/10.1038/nature12426
http://dx.doi.org/10.1038/nature05169
http://dx.doi.org/10.1126/sciadv.1700887
http://dx.doi.org/10.1038/nature23457
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1016/j.ympev.2010.04.024
http://dx.doi.org/10.1093/bioinformatics/bti263
http://dx.doi.org/10.1093/bioinformatics/bti263
http://dx.doi.org/10.1093/bioinformatics/btr088
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.5061/dryad.x69p8czhm
http://dx.doi.org/10.5061/dryad.x69p8czhm
http://dx.doi.org/10.1093/nar/gky1085
http://dx.doi.org/10.1093/bioinformatics/btp368
http://dx.doi.org/10.5061/dryad.x69p8czhm

	The Archean origin of oxygenic photosynthesis and extant cyanobacterial lineages
	Background
	Results
	Including plastid lineages and calibrations substantially impact cyanobacterial age estimates
	Cyanobacterial fossil calibrations independently support similar Archean cyanobacterial crown ages
	Evolutionary model choice is a major determinant of divergence time estimates
	Horizontal gene transfer-based constraints increase precision of divergence time estimates
	Post-Cryogenian origins of marine Synechococcus and Prochlorococcus

	Discussion
	Methods
	Collection, enrichment, genome sequencing and assembly of the metagenome-assembled genomes of modern benthic cyanobacteria
	Species tree reconstruction
	Detection of index horizontal gene transfers
	Molecular clocks and fossil calibrations
	Application of horizontal gene transfer-based age constraints
	Data accessibility
	Authors' contributions
	Competing interests
	Funding

	References


