
UC Davis
UC Davis Previously Published Works

Title
Distribution of early-branching Cyanobacteriia and the potential habitats that gave 
rise to the earliest oxygenic phototrophs

Permalink
https://escholarship.org/uc/item/30m6f97j

Journal
mSphere, 10(2)

ISSN
1556-6811

Authors
Grettenberger, Christen
Gold, David A
Brown, C Titus

Publication Date
2025-02-25

DOI
10.1128/msphere.01013-24

Copyright Information
This work is made available under the terms of a Creative Commons Attribution 
License, available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/30m6f97j
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


 | Evolution | Observation

Distribution of early-branching Cyanobacteriia and the potential 
habitats that gave rise to the earliest oxygenic phototrophs

Christen Grettenberger,1,2 David A. Gold,1 C. Titus Brown3

AUTHOR AFFILIATIONS See affiliation list on p. 5.

ABSTRACT The evolution of oxygenic photosynthesis in the Cyanobacteria was one of 
the most transformative events in Earth history, eventually leading to the oxygenation 
of Earth’s atmosphere. However, it is difficult to understand how the earliest Cyanobacte­
ria functioned or evolved on early Earth in part because we do not understand their 
ecology, including the environments in which they lived. Here, we use a cutting-edge 
bioinformatics tool to survey nearly 500,000 metagenomes for relatives of the taxa 
that likely bookended the evolution of oxygenic photosynthesis to identify the modern 
environments in which these organisms live. Ancestral state reconstruction suggests 
that the common ancestors of these organisms lived in terrestrial (soil and/or freshwa­
ter) environments. This restricted distribution may have increased the lag between the 
evolution of oxygenic photosynthesis and the oxygenation of Earth’s atmosphere.

IMPORTANCE Cyanobacteria generate oxygen as part of their metabolism and are 
responsible for the rise of oxygen in Earth’s atmosphere over two billion years ago. 
However, we do not know how long this process may have taken. To help constrain 
how long this process would have taken, it is necessary to understand where the earliest 
Cyanobacteria may have lived. Here, we use a cutting-edge bioinformatics tool called 
branch water to examine the environments where modern Cyanobacteria and their 
relatives live to constrain those inhabited by the earliest Cyanobacteria. We find that 
these species likely lived in non-marine environments. This indicates that the rise of 
oxygen may have taken longer than previously believed.

KEYWORDS cyanobacteria, evolution, ancestral state reconstruction, bioinformatics, 
branch water

T he evolution of oxygenic photosynthesis was the most transformative evolutionary 
event in Earth’s history. It eventually led to the oxygenation of Earth’s atmosphere, 

altering geochemical cycling, metabolic processes, and the evolutionary trajectory of 
life on Earth. Despite the importance of this event, we know little about the earliest 
phototrophic Cyanobacteria, which are assumed to be the earliest oxygenic photo­
trophs, including the environments in which they thrived. However, we must know 
which environments Cyanobacteria inhabited to properly parameterize models for the 
timing of the rise of oxygen. Limiting cyanobacterial primary productivity to terrestrial 
and freshwater environments can increase the timescale for the oxidation of Earth’s 
atmosphere by at least an order of magnitude (1, 2).

The Cyanobacteria may have emerged in freshwater or non-marine environments 
based on ancestral state reconstructions using the growth environments of 50 mod­
ern Cyanobacteria (3) and the physical characteristics of the early-branching group 
Gloeobacterales (1). For example, the Gloeobacterales do not survive in marine salinities 
and have significantly reduced growth in brackish environments under experimental 
conditions (4). Additionally, modern Gloeobacterales have only been found in terrestrial 
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or freshwater environments (1, 5). However, there are few Gloeobacterales species 
known; only three are cultivated and an additional seven are known from genomic or 
metagenomic studies (5–10). Therefore, known Gloeobacterales may not represent the 
full diversity of the clade, and we must identify as many members of the Gloeobacterales 
and other early-branching Cyanobacteria as possible and examine their environmental 
distributions. Recent advances in bioinformatics have allowed large-scale sequence 
searches of many metagenomes without any additional filtering, reducing the impact of 
bioinformatics processing such as assembly and binning (11). However, the distribution 
of the Gloeobacterales and other early-branching Cyanobacteria may not reflect the 
distribution of the earliest Cyanobacteria. Therefore, it is prudent to also examine the 
distribution of the Vampirovibrionia (formerly Melainabacteria), the closest non-
photosynthetic relative of the Cyanobacteria. Examining the taxa that bookended the 
evolution of photosynthesis may enable us to infer the environments in which ancient 
Cyanobacteria lived.

Here, we sought to answer the question: are the taxa that likely bookend the 
evolution of oxygenic photosynthesis, the early-branching Cyanobacteriia and Vampir­
ovibrionia, restricted to non-marine environments? We chose to use the Gloeobacterales 
rather than photosynthetic Cyanobacteria (Cyanobacteriia) more broadly because the 
Gloeobacterales are thought to retain ancestral traits (12), and other early-branching 
Cyanobacteriia, including the Thermostichales, Pseudanabaenales, and Gloeomargari­
tales may similarly retain ancestral environmental preferences, while the non-Gloeobac­
terales Cyanobacteriia diversified rapidly into nearly every illuminated environment on 
Earth, making it difficult to discern derived versus ancestral environments.

To do so, we retrieved metagenome assembled genomes (MAGs) from the Genomes 
Taxonomy Database(GTDB) that were classified as Sericytochromatia, Vampirovibro­
nia, Gloeobacterales, Thermostichales, Pseudanabaenales, and Gloeomargaritales. We 
retained genomes that were >70% complete. The final data set included 218 genomes 
from Sericytochromatia (n = 14), Vampirovibrionia (n = 151) Gloeobacterales (n = 13), 
Thermostichales (n = 9), Pseudanabaenales (n = 30), and the Gloeomargaritales (n = 6) 
to search 498,942 publicly available metagenomic data sets in the National Center for 
Biotechnology Information (NCBI) using branch water (https://branchwater.jgi.doe.gov, 
https://github.com/sourmash-bio/sra_search/commit 3253ffe), a k-mer-based approach 
for content-based search of metagenomes (11, 13). Metagenomes that had >20% 
containment (~94% average nucleotide similarity to the target genome) (11) of one 
or more genomes or MAGs were retained. To create the character matrix, metagenomes 

FIG 1 Summary of ancestral state reconstruction for select environments. The trees are visualized as density maps, with several important nodes visualized 

through pie charts. All three analyses represent the “all-rates-different” model without hidden rates, which was the preferred model of evolution. (A) Freshwater, 

(B) soil, and (C) marine.
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were classified as host-associated, wastewater, freshwater, brackish, marine, hydrother­
mal (including hot springs), soil, plant-associated, or “other/unknown” based on the 
“scientific name” classification in NCBI, which, for environmental samples, records the 
environment from which the sample was taken. If the environment was unclear, the 
metagenome was found in NCBI and classified based on the additional metadata 
available in NCBI or the associated publication(s). Metagenomes from synthetic data 
and those for which an environment could not be determined were removed. Genomes 
for which there were no metagenome hits were removed (n = 5). We constructed a 
multiple sequence alignment of the remaining genomes by collecting 71 single-copy 
marker genes using the “Bacteria_71” gene set in anvi’o (14, 15) and aligning them in 
anvi’o using muscle (16).

A maximum likelihood phylogenetic tree was generated using IQTree v.2.2.2.6 (17). 
Ancestral state reconstruction was performed on the tree with corHMM v.2.8 (18) and 
Phytools v.2.0.13 (19). Each environment was tested separately as a presence/absence 
binary and analyzed separately. For each character, we tested four different models: (i) 
an equal-rate model, (ii) an all-rates-different model, and (iii and iv) each model with 
two additional hidden rates. We used analysis of variance to determine the best-fitting 
model and then performed stochastic character mapping using the preferred model 
and 1,000 simulations. The list of species, metagenome hits, code, and results from 
the tree-building and ancestral state reconstruction analyses are available on GitHub 
(https://github.com/DavidGoldLab/2024_Cyano_ASR).

By querying our genomes against metagenomic databases, we were able to identify 
the suite of environments these organisms inhabit. The early-branching Cyanobacter­
iia genomes were primarily found in freshwater (51.2%) and hydrothermal (40.3%) 
environments. The high proportion of hydrothermal environments was driven by the 
Thermostichales, which were found there 98% of the time (Table 1). The early-branching 
Cyanobacteriia were rarely found in marine environments (0.2%). The earliest branch­
ing group, the Gloeobacterales, was found predominantly in freshwater environments, 
including from the Arctic (6), Antarctic (20), and Canada, and one metagenome was from 
a hot spring environment (21). None of these environments were marine. The Vampirovi­
brionia were found primarily in host-associated metagenomes (94.5% of instances) or 
those from wastewater (4.7% of instances) and were found less commonly in freshwa­
ter (0.5% of instances), brackish (<0.01% of instances), marine environments (0.1% of 
instances), and hydrothermal environments (<0.1% of instances). The Sericytochromatia 
were found predominately in freshwater (23%), soil and rock (33%), and plant-associated 
environments (29.9%). They were rarely found in marine environments (1.4%) and never 
in brackish environments. Twenty-nine taxa account for all instances in marine and 
brackish environments, whereas 92 taxa are found in freshwater environments.

Based on these data, none of the taxa examined commonly inhabit marine envi­
ronments. Ancestral state reconstruction suggests that both the common ancestor of 
Vampirovibrionia, Sericytochromatia, and Cyanobacteriia inhabited freshwater (posterior 
probability = 0.578) and/or soil environments (posterior probability = 0.616) (Fig. 1). 
All other environments had less than 50% posterior probability at the ancestral node, 
and in most cases—including marine settings—the probability was close to zero 
(posterior probability [marine] = 0.116). Therefore, we predict that the first photosyn­
thetic Cyanobacteria inhabited non-marine environments and that Cyanobacteriia began 
inhabiting marine and brackish environments only after the divergence of Gloeomar­
garitales. When this assumption is used in geochemical models, the oxygenation of 
Earth’s atmosphere took ~1 million years (1) rather than less than 100,000 years (2). This 
work is based on modern Cyanobacteria and their available genomes. These species 
have undergone billions of years of evolution since they diverged from their common 
ancestor, and there is likely undiscovered diversity within these clades on modern Earth, 
both of which introduce potential error in our work. However, our conclusion is robust 
across multiple early-branching cyanobacterial clades and is therefore a good approxi­
mation of the evolutionary history of this clade.
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This work shows the strength of using tools like branch water that enable rapid, 
large-scale content-based sequence search of unfiltered data. However, these tools are 
hindered by data sets that are not annotated in detail in public data sets. For example, 
we hand-curated thousands of entries where the “Scientific Name” is listed as “metage­
nome” rather than the species or environment. These poor annotations will prevent 
larger-scale comparisons from being done in the future.
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