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ABSTRACT
The earliest branching cyanobacterium, Gloeobacter, exhibits a number of ancestral traits including the 
lack of thylakoids. It occurs epilithically in microbial mats, both subaerially and submerged in low-salinity 
habitats. These habitats and the absence of thylakoids are associated with the occurrence of membrane- 
associated photosynthetic processes in the plasma membrane, possibly limiting the rate of both 
assembly and reassembly of the oxygen-evolving complex, as well as the photosynthetic rate and 
in vitro growth rate. These factors interact with the occurrence of Gloeobacter in mats to constrain 
productivity in nature. Traits found in living Gloeobacter, with the probable time of origin of oxygenic 
photosynthesis and diversification of cyanobacteria, can be related to the possible role of oxygenic 
primary productivity and organic carbon burial on land during the early Earth in low-salinity environ-
ments around the time of the global oxidation event.
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INTRODUCTION

Charles Darwin, in a letter to Joseph Hooker dated 
1 February 1871, wrote the following about the origin of life: 
“But if (& oh what a big if) we could conceive in some warm 
little pond with all sorts of ammonia & phosphoric salts, – 
light, heat, electricity, etc., present, that a protein compound 
was chemically formed, ready to undergo still more complex 
changes, at the present day such matter would be instantly 
devoured, or absorbed, which would not have been the case 
before living creatures were formed (darwinproject.ac.uk/let-
ter/DCP-LETT-7471.xml). This suggestion of aquatic habitats 
on land, as opposed to in the ocean, has been followed up in 
a number of papers on the location and mechanism of the 
origin of life (e.g. Follmann & Brownson 2009; Damer & 
Deamer 2020; Toner & Catling 2020); however, neither 
a site nor an associated mechanism, can yet explain life’s 
origin (Kitadai & Maruyama 2018; Duval et al. 2020).

Besides the possible role as the location of the origin of life, 
the land surface and aquatic habitats thereon appear to be the 
site of origin of cyanobacteria (Blank & Sánchez-Baracaldo 
2010; Uyeda et al. 2016; Ponce-Toledo et al. 2017; Nakov et al. 
2017; Sánchez-Baracaldo et al. 2017a, 2017b; see Blank 
2013b).

HABITAT OF BASAL CYANOBACTERIA

Rippka et al. (1974) described Gloeobacter violaceus Rippka, J. 
B. Waterbury & Cohen-Bazire, a cyanobacterium lacking thy-
lakoid that was isolated from a limestone exposure in 
Switzerland, a low-salinity terrestrial habitat. SSU rRNA 
sequences showed that Gloeobacter violaceus was the basal 

member among the cyanobacterial sequences sampled 
(Nelissen et al. 1995). Blank & Sánchez-Baracaldo (2010) 
confirmed this by analysing the small and large subunit of 
rDNA and 137 protein sequences, and emphasized that 
Gloeobacter violaceus was the earliest branching or basal 
organism in Cyanobacteria. It is therefore likely that 
Gloeobacter spp. have retained ‘primitive’ or ancestral traits, 
and that such traits have undergone little change since being 
inherited from the common ancestor. It is important to point 
out that some of these traits might also be apomorphies, or 
traits that are unique to Gloeobacter and not necessarily pre-
sent in other Cyanobacteria; specially given its long history. 
Given its phylogenetic position, it is reasonable to infer traits 
that might have been present in ancestral lineages of 
Cyanobacteria.

All known strains of Gloeobacter grow in low-salinity 
habitats, which was confirmed by the study of compatible 
solutes in a number of cyanobacteria by Blank (2013a). 
Mareš et al. (2013a, 2013b, 2013c) showed that Gloeobacter 
violaceus is a widespread terrestrial organism (see also 
Chrismas et al. 2015; Pushkareva et al. 2015; Williams et al. 
2016; Popovic et al. 2019), although it has also been found in 
shallow freshwater cyanobacterial mats (Lionard et al. 2012) 
A second species, Gloeobacter kīlaueensis J.W. Saw et al., was 
isolated as the dominant cyanobacterium in a 5 mm thick 
epilithic biofilm at the entrance to a lava cave in the Kīlauea 
Caldeira, Hawaiʻi (Saw et al. 2013). Both Gloeobacter species 
grow photolithotrophically in the ‘freshwater’ medium BG11 
(Andersen et al. 2005). Poikilohydric terrestrial photosyn-
thetic organisms are generally subject to episodes of desicca-
tion, while nothing seems to be known of desiccation 

CONTACT John A. Raven j.a.raven@dundee.ac.uk

PHYCOLOGIA
https://doi.org/10.1080/00318884.2021.1881729

© 2021 The Author(s). Published with license by Taylor & Francis Group, LLC. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/), 
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

https://crossmark.crossref.org/dialog/?doi=10.1080/00318884.2021.1881729&domain=pdf&date_stamp=2021-05-29


tolerance in Gloeobacter violaceus (Potts et al. 2005; Lüttge 
2011). However, Gloeobacter violaceus has a gene (glr0712) 
with 40% similarity to DdrA, a gene from the very dehydra-
tion-, UV-, and ionizing radiation-tolerant bacterium 
Deinococcus radiodurans Brooks & Murray (Potts et al. 
2005; Lüttge 2011) that inhibits nuclease action on single- 
stranded DNA resulting from damage to the nucleome. As 
is discussed below, very little is known of UV screening and 
repair of UV-induced damage in Gloeobacter species (Rastogi 
et al. 2014; Pathak et al. 2019), although there are studies of 
the capacity for DNA repair (Cassier-Chauva et al. 2016).

Grettenberger et al. (2020) described an uncultured cyano-
bacterium (candidatus Aurora vandensis) based on metagenome 
data, showing that it is a sister clade to Gloeobacter spp. 
Gloeobacter plus candidatus Aurora vandensis are the 
closest cyanobacterial relatives of the non-photosynthetic 
Vampirovibrionia (formerly Melaianabacteria). Based on the 
presence of the relevant genes, candidatus Aurora vandensis 
has the potential to grow photolithotrophically using oxygenic 
photosynthesis (Grettenberger et al. 2020). The future isolation 
and culture of candidatus Aurora vandensis is important to 
explore their metabolic and physiological capabilities since the 
organism is known only from metagenomic studies. The meta-
genome was obtained from benthic microbial mats from the 
freshwater (salinity 0.242) epilimnion of the meromictic Lake 
Vanda in the Antarctic (Huffert & Turner 1972; Sumner et al. 
2016; Grettenberger et al. 2020). The occurrence of candidatus 
Aurora vandensis in benthic microbial mats does not necessarily 
mean that this cyanobacterium alone can form a microbial mat.

ADAPTATION OF FRESHWATER CYANOBACTERIA TO 
LIFE IN SALINE ENVIRONMENTS

Herrmann & Gehringer (2019) examined salinity tolerance of 
Gloeobacter violaceus and the later-evolving Chrococcidiopsis 
thermalis Geitler as an indicator of their potential to establish 
in estuarine and marine environments following washout 
from their typical low-salinity habitats. Both Gloeobacter and 
Chrococcidiopsis grew in brackish culture media, although 
more slowly than in freshwater; only Chrococcidiopsis grew 
at seawater salinities, probably related to its ability to synthe-
size the osmoregulant trehalose (Blank 2013a; Herrmann & 
Gehringer 2019). Growth periods were 12 days for 
Chrococcidiopsis and 24 days for Gloeobacter, so the experi-
ment was not experimental evolution that requires many 
more generations, as used in experimental evolution studies 
of salinity adaptation using the freshwater chlorophycean 
microalga Chlamydomonas reinhardtii P.A. Dangeard 
(Perrineau et al. 2014; Lachapelle et al. 2015). While experi-
mental evolution has been applied to cyanobacteria, none of 
these studies have addressed variations in salinity (Leister 
2018). The suggestion that the ability to synthesize trehalose 
is an indicator of salinity tolerance (Blank 2013a; Herrmann & 
Gehringer 2019) contrasts with an earlier suggestion in 
a literature review (Hagemann 2011). The review suggests 
that sucrose and trehalose occur in freshwater cyanobacteria, 
while glucosylglycerol and glucoosylglycerate are compatible 
solute osmoregulators in moderately halotolerant (marine) 
cyanobacteria, and that halophilic cyanobacteria are 

characterized by glycine betaine and glutamate betaine 
(Hagemann 2011). However, Pade et al. (2012) showed that 
trehalose is the major compatible solute in the marine diazo-
trophic Crocosphaera watsonii Zehr, R.A. Foster, J.B. 
Waterbury & Webb, strain WH8501. Another marine diazo-
trophic cyanobacterium, Trichodesmium erythreum 
Ehrenberger & Gomont, strain MS 101, has N,N,N-trimethyl- 
homoserine as the compatible solute (Pade et al. 2016). Some 
marine cyanobacteria, e.g. picocyanobacterial from the 
SynPro clade, have in their genome the capacity to synthesize 
a wide range of compatible solutes potentially enabling them 
to thrive in both marine and hypersaline environments 
(Scanlan et al. 2009). While some of these strains do not 
grow in hypersaline habitats, the data suggest that those 
strains possessing glucosylglycerol, glucosylglycerate and/or 
glycine betaine have the ability to tolerate environments 
where salt concentration shows large fluctuations.

In addition to compatible solutes as osmoregulants, there 
are differences in ion transport processes at the cell mem-
brane of freshwater compared to marine cyanobacteria 
(Hagemann 2011; Raven & Beardall 2020). Possibly related 
to these changes in ion transport and ion content are differ-
ences in the isoelectric point of proteins in freshwater and 
marine cyanobacteria (Cabellero-Yeves et al. 2018; Cabello- 
Yeves & Rodriguez-Valera 2019). As with the other (non- 
cyanobacterial) bacteria tested, the proteins of a freshwater 
species of Synechococcus have a higher mean isoelectric point 
(higher ratio of basic to acidic amino-acid residues) than the 
proteins of a marine Synechococcus (Cabello-Yeves & 
Rodriguez-Valera 2019). Cabello-Yeves & Rodriguez-Valera 
(2019) suggest that such large-scale changes in amino-acid 
composition would take many generations of adaptation.

The effect on micro-organisms of increased salinity has 
similarities to the effect of desiccation, and the terrestrial 
habitats of Gloeobacter violaceus are subject to drying episodes 
(Potts et al. 2005); however, as mentioned above, nothing is 
known of desiccation tolerance in this cyanobacterium (Potts 
et al. 2005; Lüttge 2011).

COMPARISON OF STRUCTURE AND BIOGENESIS OF 
PHOTOSYNTHETIC MEMBRANES IN GLOEOBACTER 
AND OTHER CYANOBACTERIA

Except for Gloeobacter, all known cyanobacteria have their 
membrane-associated reactions of photosynthesis and respira-
tory energy transduction in thylakoids, although some respira-
tory reactions also occur in the plasma membrane (Mullineaux 
2014; Liu 2016; Mullineaux & Liu 2020). Thylakoids of cyano-
bacteria were thought to be related biosynthetically to the 
plasma membrane via the ‘convergence membrane’ that closely 
approaches the plasma membrane and is studded with ribo-
somes but not phycobilisomes (Vothknecht & Westhoff 2001; 
Rast et al. 2019) in many cyanobacteria. Rast et al. (2019; see 
also Stengel et al. 2012) suggest that the ‘convergence mem-
brane’ is a major site of thylakoid integral membrane protein 
synthesis, although the convergence membrane may be absent 
naturally or as a result of downregulation of the protein curt1 
(Heinz et al. 2016). Furthermore, Mahbub et al. (2020) found 
that newly synthesized PSI and PSII were inserted over the 
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whole thylakoid surface, although there is evidence that the 
thylakoid lipid digalactosyldiacylglyceride (DGDG) is synthe-
sized in the plasma membrane of thylakoid-containing cyano-
bacteria (Selão et al. 2014). Overall, there seems to be no role of 
the plasma membrane in synthesis of the protein components of 
thylakoids, separating the site of synthesis of photosynthetic 
membrane proteins in Gloeobacter from that in other, thyla-
koid-containing, cyanobacteria.

Vothknecht & Westhoff (2001), Westphal et al. (2001), 
and Heidrich et al. (2017) showed that inactivation of the 
Vipp1 gene prevented thylakoid production. Gloeobacter 
violaceus, but not candidatus Aurora vandensis, also has 
a homologue of the Vipp 1 protein found in all other 
oxygenic photosynthetic organisms (Theis et al. 2018; 
Mareš et al. 2019; Grettenberger et al. 2020). Vipp 1 is 
involved in thylakoid synthesis, associating especially with 
curved regions; however, the Gloeobacter violaceus protein 
lacks the approximately 30 amino-acid extension found in 
other oxygenic photosynthetic organisms but not in most of 
the ancestors of Vipp in non-cyanobacterial bacteria (Theis 
et al. 2018). However, the role of the truncated Vipp 
homologue in Gloeobacter is not yet known.

Membrane curvature at the margin is an essential feature 
of thylakoids, with a prediction that monogalactosyldiacyl-
glyeride (MGDG), with a large area of the fatty acid chain 
relative to the hydrophilic head group, accumulates on the 
concave, lumenal side of the curved membrane (Murphy 
1982). However, determination of the distribution of 
MGDG between the convex, outer (cytosol- or stroma- 
facing) and concave, inner (lumen-facing) leaflets of the 
thylakoid shows that MGDG is enriched in the outer leaflet 
(Siegenthaler et al. 1988; Rawyler et al. 1987). Moreover, 
MGDG occurs in the thylakoid-less Gloeobacter (Selstam & 
Campbell 1996). More significantly, CurT, a homologue of 
the CURVATURE PROTEIN of Arabidopsis thaliana 
(Linnaeus) Heynh is essential for thylakoid architecture of 
Synechocystis sp. strain PCC 6803 and one of the at least 5 
variants is enriched in the thylakoid margin; a variant 
occurs in lower abundance in the plasma membrane 
(Heinz et al. 2016). CurT is also involved in thylakoid 
biogenesis (Heinz et al. 2016). However, CurT is absent 
from several basal lineages of thylakoid-containing cyano-
bacteria, and from Gloeobacter (Mareš et al. 2019). For 
instance, CurT is missing from Gloeomargarita, the closest 
living relative of the ancestor of eukaryote plastids (Nakov 
et al. 2017; Ponce-Toledo et al. 2017; Sánchez-Baracaldo 

et al. 2017a, 2017b), all of which are believed to contain 
CurT. One possible explanation of this is that the cyano-
bacterial chloroplast ancestor contained CurT, and that 
CurT was lost in the c. 1.8 Ga leading to the extant 
Gloeomargarita. Another possibility is that CurT was not 
present in the cyanobacterial ancestor, and evolved, or was 
obtained by horizontal gene transfer from an unknown 
source, in the last chloroplast common ancestor. These 
considerations, however, do not help to indicate whether 
Gloeobacter is ancestrally thylakoid-free or has lost its 
thylakoids.

IMPLICATIONS OF LOCATION OF MEMBRANE- 
ASSOCIATED COMPONENTS OF PHOTOSYNTHESIS, 
RESPIRATION, AND H+ PUMPING RHODOPSIN, IN THE 
PLASMA (I.E. CELL OR INNER) MEMBRANE OF 
GLOEOBACTER: COMPARISON WITH OTHER 
CYANOBACTERIA

Background

Gloeobacter is unique among cultured cyanobacteria in having 
the membrane-associated components of photosynthesis, as 
well as those of respiration, in the cell (i.e. inner or plasma) 
membrane rather than in thylakoids (Rippka et al. 1974; Lea- 
Smith et al. 2010; Rexroth et al. 2011; Mullineaux 2014; Liu 
2016; Mareš et al. 2019). In addition to photosynthetic and 
respiratory electron transporters, the plasma membrane of 
Gloeobacter houses the transporters required for nutrient 
acquisition, including the non-carboxysomal components of 
the β-cyanobacterial CO2-concentrating mechanism, ion reg-
ulation, and a light-powered rhodopsin proton pump 
(Rexroth et al. 2011; Burnap et al. 2015). These co-locations 
have numerous implications for the functioning of the 
Gloeobacter cell relative to that of other cyanobacteria.

Membrane-associated components of photosynthesis 
and respiration

There seem to be no data on the thylakoid membrane surface 
area per unit plasma membrane area in cyanobacteria, but the 
electron micrographs of a wide phylogenetic variety of cya-
nobacterial taxa in Mareš et al. (2019) suggest that it is always 
greater than 2. Thus, for a given cell volume and shape, the 
area of membrane available for the membrane-associated 
components of photosynthesis and respiration (typically 

Table 1. Comparison of chlorophyll a per cell, net photosynthetic rate per unit chlorophyll, net photosynthetic rate per cell, and thylakoid area per plasma membrane 
area in Gloeobacter, Synechocystis and Synechococcus. Data from Kihara et al. (2014). Thylakoid area per plasma membrane area is an upper limit, as indicated by ≤, 
because the spherical surface area which is the maximum area of the thylakoids is less than that of the plasma membrane because the thylakoids are interior to the 
plasma membrane.

Organisma
Mole chlorophyll a 

cell−1

Net photosynthetic 
rate (mole O2

. 

mole chlorophyll a−1) 
s−1

Net photosynthetic 
rate (mole O2

. 

cell−1. s−1)

Thylakoid area 
(plasma membrane 

area)−1

Gloeobacter 1.27 10−16 0.031 0.62 10−18 0

Synechocystis 1.4 10−16 0.061 1.4 10−18 ≤ 6

Synechococcus 0.207 10−16 0.057 2.7 10−18 ≤ 4
aKihara et al. (2014) do not give strain numbers for the genera of Cyanobacteria modelled. 
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found in thylakoid membrane) in Gloeobacter is less than that 
in the two cyanobacteria with thylakoids (Table 1). This is 
exacerbated by the occurrence of nutrient acquisition and ion 
regulation transporters and channels, and ion-pumping rho-
dopsin, as well as membrane-associated photosynthetic and 
respiratory components, in the plasma membrane of 
Gloeobacter, with some degree of lateral segregation of func-
tions (Rexroth et al. 2011). This suggests that the chlorophyll 
per unit plasma membrane area in Gloeobacter is less than 
that in the thylakoids of other cyanobacteria, since the thyla-
koid membrane has fewer functions than the plasma mem-
brane of Gloeobacter. However, the limited data available 
suggest that this is not the case (Table 1). Furthermore, the 
maximum rate of net photosynthesis per cell is not correlated 
with the presence and number of thylakoids (Table 1).

Among the problems with the analysis in Table 1 is that 
the data on chlorophyll a per cell is not paralleled by 
measurements of cell dimensions in the literature cited. 
Instead, following Kihara et al. (2014), it is assumed that 
the equivalent spherical cell radius to the plasma membrane 
is 0.5 10−6 m, and it is known that cell size of the three 
genera varies genotypically and phenotypically (e.g. Binder & 
Liu 1998; Sosik et al. 2003; Du et al. 2016; Ruan & Giordano 
2017; Mareš et al. 2019; Zavřal et al. 2019). Such genotypic 
and phenotypic variations also occur for chlorophyll per cell 
(Liu et al. 1999; Six et al. 2004; Luimetra et al. 2019). For 
Synechococcus the genotypic and phenotypic variation in 
plasma membrane area per cell ranges from 3.1 10−12 to 21 
10−12 m2 (Sosik et al. 2003; Ruan & Giordano 2017) as 
compared to the assumed 12.6 10−12 m2 from Kihara et al. 
(2014). Clearly, further work is needed to establish the effect 
of the presence of thylakoids on chlorophyll per cell normal-
ized to plasma membrane area, using chlorophyll and area 
data from the same organisms and growth conditions.

It is likely that the absence of thylakoids decreases the 
package effect (self-shading) of photosynthetic pigments com-
paring cells of the same size; however, the package effect is 
very small in cells of small effective spherical radii such as 
those of Gloeobacter (Raven 1984). A small-package effect 
means that less time is taken to recoup the energy cost of 
synthesis of pigment-protein light-harvesting complexes in 
terms of photons harvested and used in photochemistry in 
a given light field (Raven 1984). However, the tendency of 
cells of Gloeobacter to form aggregates in culture (Selstam & 
Campbell 1996; Sicora et al. 2008; Mimuro et al. 2011; Saw 
et al. 2013), as is the case in natural populations in mats (Saw 
et al. 2013; Mareš et al.2013a), would increase the package 
effect.

Implications of co-location of H+-pumping rhodopsin 
and redox-driven H+ pumps

The occurrence of H+-pumping rhodopsin in the Gloeobacter 
plasma membrane means that, in the light, there are three 
categories of H+ efflux pumps: the photosynthetic redox reac-
tions, any residual (non light-inhibited) respiratory redox 
reactions, and rhodopsin (Raven 2009; Rexroth et al. 2011). 
Choi et al. (2014) quantified the contribution of these pumps 
to the overall proton efflux by measuring changes in external 

pH. This was done in a medium of known buffer capacity, 
around cells of Gloeobacter illuminated at a number of wave-
lengths in the presence and absence of the photosystem II 
inhibitor DCMU i.e. 3-(3,4-dichlorophenyl)-1,1-dimethyl 
urea. The inhibitor prevents H+-pumping linear electron 
flow, but not H+-pumping cyclic electron flow involving PSI 
and by rhodopsin (Choi et al. 2014).

The action spectrum in the absence of DCMU shows 
involvement of chlorophyll a and rhodopsin, with no clear 
evidence of involvement of photons absorbed by the phyco-
bilins phycoerythrin and phycocyanin, with excitation energy 
transferred to chlorophyll a, in energized H+efflux (Choi et al. 
2014, fig. 5). Comparison with the absorption spectrum of 
whole cells and isolated membranes of Gloeobacter, domi-
nated by chlorophyll a and phycobilins (Choi et al. 2014, 
fig. 4), suggests more effective use of photons absorbed by 
rhodopsin rather than pigments supplying excitation energy 
to PSI and PSII. In the presence of DCMU, rhodopsin dom-
inates the action spectrum i.e. Choi et al. 2014 of H+ efflux, 
although there is evidence of energization of some H+ efflux 
of using of photons absorbed by chlorophyll a, presumably 
using photosystem I-driven cyclic electron flow (not yet fully 
characterized in Gloeobacter). Furthermore, the net H+ efflux 
is lower in the presence of DCMU is less than in the minus 
DCMU control (Choi et al. 2014, fig. 5).

However, the measurements of net proton efflux, presum-
ably obtained by back-titration to the pH of the medium, 
cannot be related to the biomass of Gloeobacter with the 
data provided. Furthermore, since no indication is given of 
using an inorganic C-free bathing solution in the experiments 
(Choi et al. 2014), the pH changes could be influenced by net 
CO2 consumption in the absence of DCMU, and by residual 
respiratory CO2 production in the DCMU treatment. For the 
experiments in the absence of DCMU but presence of CO2, 
the requirement in CO2 fixation, energized by photons 
absorbed by chlorophyll a and phycobilins, for ATP generated 
by H+ re-entry through the CFOCF1 ATP synthase, would bias 
net H+ efflux in favour of photons absorbed by rhodopsin.

Choi et al. (2014) also measured ATP content of cells 
illuminated in the presence or absence of DCMU. However, 
the ATP measurements (Choi et al. 2014, fig. 5) do not 
indicate the rate of ATP synthesis; the steady-state content 
of ATP is a function of the rate of both ATP synthesis and 
ATP consumption, e.g. in CO2 assimilation in the absence of 
DCMU.

Implications of the periplasmic occurrence of the  
O2-evolving complex for intracellular O2 concentration 
during photosynthesis

A further effect of the location of membrane-associated 
photosynthetic reactions in the plasma membrane of 
Gloeobacter, with O2 production on the periplasmic side of 
the plasma membrane, is the excess of O2 in photosynthesiz-
ing cells over that in the medium (Kihara et al. 2014). In all 
other cultured cyanobacteria, and in all photosynthetically 
competent eukaryotes, O2 production occurs internal to the 
plasmalemma. In all organisms with thylakoids, O2 is gener-
ated in the thylakoid lumen. This means that in cyanobacteria 
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O2 has to diffuse through the thylakoid membrane and 
plasma membrane to reach the periplasm. In eukaryotes, the 
path from the thylakoid lumen to the outside of the plasma 
membrane, ignoring thylakoid stacking, involves crossing four 
membranes (archaeplastida), five membranes (dinoflagellates 
and euglenids) or six membranes (ochrophytes, cryptophytes, 
haptophytes, chromerids; Raven et al. 2020). These membrane 
barriers increase the O2 concentration in the cytosol and, 
increasingly with more membranes around the plastid, in 
the stroma of eukaryotes and the thylakoid lumen.

For isolated cells of Gloeobacter, granted the membrane per-
meability coefficient reasonably used by Kihara et al. (2014), the 
O2 concentration in the cell during the measured rate of light- 
saturated photosynthesis is 0.025 mmol m−3 greater than that in 
the medium. This value is about 0.1 that of external O2 concen-
tration in Synechococcus sp., for which Kihara et al. (2014) 
assume two layers of thylakoids (a total of four thylakoid mem-
branes in the cell radius), and again using the observed rate of 
photosynthesis, the O2 concentration in the innermost lumen is 
0.25 mmol m−3 higher than that in the medium. For 
Synechocystis, assuming three layers of thylakoids (a total of six 
thylakoid membranes; Kihara et al. 2014), the highest O2 con-
centration in the cells photosynthesizing at the measured rate is 
0.064 mmol m−3, or 2.6 times that in Gloeobacter.

Implications of intracellular O2 concentration in 
Gloeobacter and other cyanobacteria before and during 
the global oxidation event

Kihara et al. (2014) discuss the significance of this small 
increase in intracellular O2 concentration in excess of that in 
the medium for pre-Global Oxidation Event (GOE) times 
when there were very low O2 concentrations in the context 
of generation of reactive oxygen species. Kihara et al. (2014) 
consider the effect of O2 concentration on the production of 
reactive oxygen species from the triplet, excited state of 
chlorophyll generated in high light by intersystem crossing. 
They show that negligible reactive oxygen species would be 
generated by this mechanism in isolated cells of Gloebacter at 
very low external O2 concentrations. This applies to a slightly 
lesser extent to the modelled cells of Synechococcus and 
Synechocystis (Kihara et al. 2014). Kihara et al. (2014) suggest 
that mechanisms that remove reactive oxygen species did not 
evolve until atmospheric O2 concentrations increased during, 
and especially after, the GOE.

A further outcome of the small increment in internal O2 in 
Gloeobacter concerns catalysis by its Form IB Rubisco (ribulose- 
1.5-bisphosphate carboxylase-oxygenase). The oxygenase:car-
boxylase selectivity in the ancestral Form IB Rubisco is predicted 
to have been relatively low and similar to that in the extant 
Synechococcus enzyme (Shih et al. 2016). With the much higher 
than present atmospheric CO2:O2 ratio, there would have been 
little Rubisco oxygenase activity if the CO2:O2 ratio at the 
Rubisco site was the same as that in air-equilibrated solution. If 
Rubisco is free in the cytosol, the decreased CO2:O2 at the active 
site with a diffusive influx of CO2 and efflux of O2 would cause 
a very limited increase in oxygenase relative to carboxylase 
activity (Kihara et al. 2014; Raven & Beardall 2016; Raven et al. 
2017). However, the basal, extant cyanobacterium Gloeobacter 

has β-carboxysomes and plasma membrane-located inorganic 
C transporters (HCO3

−) and channels (CO2) that together con-
stitute a CO2 concentrating mechanism (Rae et al. 2013; 
Mahinthichaichan et al. 2018; Sutter et al. 2019). Raven et al. 
(2017) discuss the possible timing of origin of the β- 
cyanobacterial carbon dioxide-concentrating mechanism, hav-
ing computed that CO2- concentrating mechanisms are required 
by cyanobacteria when the CO2 concentration is less than 12 
times the present atmospheric value. These low CO2 concentra-
tions were probably reached in the Palaeoproterozoic Huronian 
glaciation and the Neoproterozoic  Sturtian and Marinoan gla-
ciations (Raven et al. 2017). These low concentrations are despite 
the requirement for a greater greenhouse effect, with CO2 as a 
major contributor, in early than in later glaciations as a result of 
the faint young sun (Raven et al. 2017). However, there is the 
problem of how CO2 concentrating mechanisms could be main-
tained in the probably higher CO2 conditions of the interglacial 
between the Palaeoproterozoic and Neoproterozoic glaciations 
(Raven et al. 2017).

It should be emphasised that ‘Gloeo’ in the generic name 
Gloeobacter refers to its sticky polysaccharide envelope, allowing 
the natural occurrence of organism in mats on rocks (Saw et al. 
2013; Mareš et al. 2013a). Life in mats means the intracellular 
O2 excess over that in the medium during photosynthesis is 
greater than that calculated for isolated Gloeobacter by Kihara 
et al. (2014), and may be greater than the calculated values (1300 
mmol m–3) for Synechococcus aggregates of 40 μm radius (Kihara 
et al. 2014). As indicated above, aggregations of Gloeobacter vio-
laceus up to 3 mm in diameter also occur in solution cultures 
(Selstam & Campbell 1996; Sicora et al. 2008; Mimuro et al. 2011); 
Gloeobacter kilaueensis also forms aggregates in solution culture 
(Saw et al. 2013).

Synthesis, repair and operation of the photosynthetic 
apparatus of Gloeobacter in relation to its low-salinity 
habitat

In Gloeobacter, the photosynthetic photochemical reactions, 
associated redox, and H+ pumping reactions occur in the cell 
membrane (i.e. inner membrane or plasma membrane) rather 
than in thylakoids (Rexroth et al. 2011). As mentioned above, 
the cell membrane contains the membrane-associated reac-
tions of respiration and H+ pumping rhodopsin as well as the 
entry of solutes required for cell growth (Rexroth et al. 2011). 
The oxidizing side of photosystem II, with the Mg4CaO5 
oxygen-evolving complex (OEC), abuts on the periplasm 
and, via the outer membrane, the external medium (a 
P phase, in the sense of Mitchell: see Nicholls & Ferguson 
2013). Despite the location of the normally thylakoid-located 
photosynthetic catalysts in the plasma membrane, the photo-
synthetic reactions of Gloeobacter violaceus are similar in 
most respects to those of other cyanobacteria (Koenig & 
Schmid 1995; Mulkidjanian et al. 2006; Sicora et al. 2008; 
Koyama et al. 2008; Bernát et al. 2012; Mulo et al. 2012; 
Cardona 2015, 2016). Particularly important in the current 
context is the similarity of the response to photoinhibition by 
photosynthetically active radiation to that in other cyanobac-
teria (Sicora et al. 2008; Koyama et al. 2008; Bernát et al. 2012; 
Mulo et al. 2012; Cardona 2015, 2016).
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Raven (2020) points out that, if the Cl− concentration 
needed for assembly of the Mn4CaO5 oxygen-evolving com-
plex is the same as that needed by PSII of isolated Spinacia 
(Vinyard et al. 2019), the rate of assembly would be very 
significantly restricted when the growth medium for 
Gloeobacter was BG11; Sicora et al. (2008) found about 30% 
recovery from photoinhibition by photosyntheticaly active 
radiation in 2 hours in BG11 medium. Vinyard et al. (2019) 
provide information on the concentration of Mn and Ca 
needed for the maximum rate of OEC assembly in PSII in 
Spinacia, and these are compared below with the concentra-
tions of Mn and Ca in BG11. What follows is an extension of 
the analysis of Raven (2020) on the impact of the location of 
the OEC in Gloeobacter on the periplasmic side of the plasma 
membrane on the function, assembly and reassembly of the 
OEC from the ion concentrations in BG11. The analysis below 
takes into account any modification of the Mn2+, Ca2+ and 
Cl− concentrations within the periplasm relative to those in 
BG11 and ends with possible implications for the maximum 
specific growth rate of Gloeobacter.

Recipes for BG11 vary slightly; according to Andersen et al. 
(2005), BG11 contains 0.508 mol m−3 Cl−, 0.324 mol m−3 Ca2+, 
and 0.914 mmol m−3 Mn2+. As a gram-negative bacterium, the 
cell membrane (i.e. plasma membrane) of Gloeobacter is 
separated from the growth medium by periplasm-containing 
peptidoglycan polymers, which bear a net negative charge 
(balanced by diffusible cations, Raven 2020). At the outer 
surface of the periplasm is the outer membrane with proteinaceous 
pores that differ from the porins in many other gram-negative 
bacteria and are generally considered to be non-selectively perme-
able to inorganic ions, but with no energized transporters moving 
solutes against the electrochemical potential difference (Kowata 
et al. 2017; Eisenhut 2019). Most cyanobacteria, and in particular, 
organisms like Gloeobacter living epilithically, also have a sheath of 
polysaccharide, protein and covalently bound negatively charged 
components such as gluconate, phosphate and sulphate 
(Schneider & Jürgens 1991). The Donnan effect of the non- 
diffusible anionic polymers (Briggs et al. 1961) means that the 
diffusible Cl− concentration in the sheath and periplasm is slightly 
less than that in BG11, while the diffusible Ca2+ and Mn2+ con-
centrations are substantially larger than those in BG11, although 
their electrochemical potential is the same as that in BG11. In 
a non-cyanobacterial gram-negative bacterium, the periplasmic- 
free Ca2+ concentration can be accounted for by the Donnan effect 
(Jones et al. 2002).

While there is evidence of Mn accumulation in the peri-
plasm of the freshwater cyanobacterium Synechocystis (Keren 
et al. 2002; Stengel et al. 2012), this is bound rather than free, 
and not immediately available for assembly of the OEC. Keren 
et al. (2002) measured Mn2+ in the freshwater Synechocystis 
PCC 6803 growing on BG11 medium, showing that there are 
1.5 · 106 Mn atoms per cell in the cytosol and thylakoids and 1 
108 Mn atoms per cell in the periplasm. The periplasmic Mn 
is six co-ordinated Mn2+ in a distorted environment, and is 
released by EDTA treatment, or by the uncoupler CCCP 
(carbonyl cyanide m-chlorophenyl hydrazine) that dissipates 
the proton motive force (PMF: electrochemical potential dif-
ference) across the plasma membrane as well as the thyla-
koids. While the mechanism of Mn2+ accumulation is not 

fully understood, it requires a PMF across the plasma mem-
brane, and the great majority of accumulated Mn in the 
periplasm is not present as free dissolved Mn2+. Periplasmic 
Mn2+ accumulation resembles that of inorganic phosphate in 
the periplasm of marine Synechococcus spp. (strains WH 7803, 
WH 8102, and WH 8102) that is also dependent on the PMF 
across the plasma membrane (Kamennaya et al. 2020).

Comparing these values with those needed for the reas-
sembly of the oxygen-evolving complex in Spinacia oleracea 
Linnaeus, Vinyard et al. (2019) found half saturation of Cl− of 
15 mol m−3, and saturation at 40 mol m−3. In other words, 
saturation requires more than 70 times the Cl− concentration 
in BG11 for the PSII particles containing psbO (see Raven 
2020). For Ca2+, Vinyard et al. (2019) found an optimal 
(saturating) concentration of 40 mol m−3 for OEC reassembly, 
i.e. more than 100 times the concentration (0.508 mol m−3) in 
BG11. For Mn2+, Vinyard et al. (2019) found an optimal 
(saturating) concentration of 0.16 mol m−3 for oxygen evolu-
tion complex reassembly in Spinacia; this is well over 100 
times the concentration (0.914 mol m−3) in BG11. Of course, 
there is a large phylogenetic gap between Gloeobacter and 
Spinacia, and there are differences in the P-side subunits of 
PSII (Thornton et al. 2004), but the differences in the saturat-
ing concentrations of Cl−, Ca2+ and Mn2+ for oxygen-evolving 
complex reassembly in Spinacia and the concentrations in 
BG11 are over one (Cl−) and over two (Ca2+, Mn2+) orders 
of magnitude. These differences are consistent with slower 
repair of photoinhibitory damage to PSII and the OEC in 
Gloeobacter relative to other oxygenic photosynthetic organ-
isms. Whether this causes slower repair of photodamage, and 
even causes slower growth, in Gloeobacter requires further 
study. Regardless, the synthesis (and re-synthesis) of photo-
synthetic membrane protein complexes occurs in the ‘orange’ 
areas of the plasmalemma, while they function in the ‘green’ 
areas (Rexroth et al. 2011; Nickelsen & Rengstl 2013).

In all known cyanobacteria other than Gloeobacter, photo-
synthesis occurs in thylakoids, and the concentration of Cl−, 
Ca2+, and Mn2+ in the thylakoid lumen, the P phase contain-
ing the OEC, could be increased by the occurrence of ener-
gized transport at the cell membrane and/or thylakoid 
membrane. Eisenhut (2019) reviews evidence on Mn trans-
port in cyanobacteria. Ritchie (1992) provides data on active 
Cl_ influx at the cell membrane in Synechococcus leopoliensis 
(Raciborski) Komárek PCC 7942, yielding internal mean con-
centrations (cytosol plus thylakoid lumen) of 17.2 ± 
0.85 mol m−3 in the light and 1.24 ± 0.11 mol m−3 in the 
dark in PB11 medium. While the distribution of Cl− between 
the cytosol and the thylakoid lumen is not known, Herdean 
et al. (2016) show that a voltage-gated Cl− channel occurs in 
the cyanobacterial thylakoid membrane, and presumably 
functions in the parsing of the H+ electrochemical potential 
difference across the thylakoid membrane into electrical 
potential difference and pH difference components (Raven 
2020). As Raven (2020) points out, this is unlikely to occur 
in the plasma membrane of Gloeobacter where Cl− is probably 
not at electrochemical equilibrium. Chechetto et al. (2012) 
show that a thylakoid K+ channel in cyanobacteria has 
a similar role parsing the H+ electrochemical potential differ-
ence. Ritchie (1991) shows that the mean intracellular K+ in 
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BG11 (0.35 mol K+ m−3) for Synechococcus leopoliensis PCC 
7942 is about 100 mol m−3, adequate for parsing of the H+ 

electrochemical potential difference across the thylakoid 
membrane using a thylakoid membrane K+ channel. This 
role has not been tested in Gloeobacter.

In addition to these requirements for the assembly of the 
OEC, in the case of Cl− there is also a requirement for the 
functioning of photosystem II (Raven 2017, 2020). There have 
been a few contrary reports; a recent report is of the lack of 
the Cl− requirement resulting from mutation of a putative Cl− 

efflux transporter in a mutant of Synechocystis sp. 6803 defi-
cient in cytochrome C550 (Kobayashi et al. 2006). This find-
ing has been neither independently replicated nor refuted; 
however, the majority view is that Cl− is essential for oxygenic 
photosynthesis functioning as well as for assembly and reas-
sembly of the OEC. Data from vascular plants show a require-
ment for 2 mol m−3 dissolved Cl− to saturate the two binding 
sites for Cl− in photosystem II (Raven 2020). If this is the case 
for Gloeobacter, then the photosynthetic requirement for Cl− 

would not be saturated in BG11 medium. Another role for Cl− 

in photosynthesis by organisms with thylakoids is, with K+, in 
parsing the H+ electrochemical potential difference across the 
thylakoid membrane using selective ion channels (see pre-
vious paragraph). For Gloeobacter, any such parsing role of 
ion channels in the plasmalemma must be compatible with 
the roles of K+ and Cl− in osmoregulation and (especially for 
K+) enzyme activation; unfortunately, little is known about 
these functions in Gloeobacter. It is known that the CF0CF1 

ATP synthase of Gloeobacter violaceus has 15 c-subunits, so 
the H+ flux needed to phosphorylate 1 mole of ATP based on 
structural biology, is 15/3 or 5 moles H+. This stoichiometry is 
found in some thylakoid-containing cyanobacteria 
(Pogoryelov et al. 2007), and means that, for a given free 
energy of ATP hydrolysis in vivo, a smaller H+ electrochemi-
cal potential difference is required for ATP synthesis than for 
cyanobacteria with 14, or especially, 13, c-subunits. In 
Gloeobacter violaceus, the ATP synthase stoichiometry may 
be related to the occurrence of all membrane-associated 
bioenergetic processes in the cell membrane. Davis & 
Kramer (2020) suggest that the higher number of c-subunits 
in ATP synthases in photosynthetic membranes than in 
respiratory membranes is related to the use of a large pH 
difference component of a PMF). This seems more plausible 
for thylakoid membranes, when the P (lumen) side of the 
membrane has a relatively unconstrained pH, at least com-
pared to the P (periplasmic) side of the membrane plasma 
membrane of Gloeobacter. Measurements of the pH difference 
across the Gloeobacter plasma membrane over a range of 
external medium pH values show that the internal (cytosol) 
pH varies with external pH more than in other cyanobacteria, 
and other photosynthetic organisms (Belkin et al. 1987; 
Hinterstoissen & Peschek 1987). There are no measurements 
of the electrical component of the PMF at the Gloeobacter 
plasma membrane. For the Gloeobacter proton-pumping rho-
dopsin, expressed in Xenopus oocytes, the maximum PMF 
that can be generated is 260 mV (no pH difference 

Table 2. Specific growth rate of the thylakoid-less Cyanobacteria Gloeobacter, thylakoid-containing Cyanobacteria, and the anoxygenic photosynthetic green 
bacterium Chlorobium. Data are for organisms growing under conditions yielding the maximum growth found in the cited publication. Since a range of temperatures 
were used, as well as the growth rate at the experimental temperature, the growth rates have been normalized to 25°C assuming a Q10 of 2.

Organism

Temper- 
ature/ 

°C

Photon 
flux density/ 

μmol m−2 s−1
μ/ 

d−1

μ/ 
d−1 

normalized 
to 25°C Reference

Gloeobacter 
violaceus 
PCC 7421

26 50 0.0115 0.0107 Nguyen et al. (2012)

Gloeobacter 
violaceus 
PCC 7421

24 20 0.016 0.017 Herrmann & Gehringer (2019)

Synechocystis 
PCC 6803

28 500 0.11 0.089 Jahn et al. (2018)

Synechococcus 
elongatus 
(Nägeli) Nägeli 
UTEX 2993

41 500 0.36 0.118 Yu et al. (2015)

Synechococcus 
PCC 7942

38 300 0.17 0.069 Yu et al. (2015)

Synechococcus 
PCC 7942

33 120 0.052 0.030 Kuan et al. (2015)

Synechococcus 
PCC 8101

25 75 0.067 0.067 Binder & Liu (1998)

Chlorobium 
limicola forma 
thiosulphatophilum 
Nadson 
ATCC 17092

30 160 0.042 0.030 Cork et al. (1983)

Chlorobium 
tepidum 
Wahlund, Woese, Castenholz & Michigan 
WI 2321

47 170 0.30 0.045 Frigaard et al. (2002)
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component), equivalent to 25 kJ per mole photons driving 
force for downhill proton re-entry (Vogt et al. 2013). Parsing 
the PMF into electrical potential difference and pH difference 
components is important for several photosynthetic processes 
(Davis et al. 2016).

Based on metagenomic data, the closest living relative of 
Gloeobacter spp, candidatus Aurora vandensis, has oxygenic 
photosynthesis with binding sites for Mn2+, Ca2+ and Cl− 

forming an oxygen-evolving complex; however, it is not 
clear whether candidatus Aurora vandensis has thylakoids 
(Grettenberger et al. 2020), and/or whether the assembly of 
the oxygen-evolving complex involves interaction with exter-
nal (to the cytoplasmic membrane) Mn2+, Ca2+, and Cl−.

OUTCOME OF STRUCTURE AND METABOLISM OF 
GLOEOBACTER FOR RESOURCE-SATURATED SPECIFIC 
GROWTH RATE

Table 2 gives specific growth rate values derived from the 
literature of: (1) Gloeobacter, (2) other unicells with thylakoids 
(as do all non-Gloeobacter cyanobacteria), and (3) Chlorobium 
Nadson 1906, an anoxygenic green sulphur-oxidizing and 
photoferrotrophic bacterium that, like Gloeobacter, has photo-
chemistry located in the plasma membrane. Since the growth 
rate data were obtained at a variety of temperatures, and 
tested at or near the highest growth rate, the data are normal-
ized to a growth temperature of 25°C, assuming a Q10 of 2. 
The normalized values show that Gloeobacter grows less 
rapidly than either the other cyanobacteria or the 
Chlorobium species. The meta-analysis of Nielsen (2006) of 
the specific growth rate of 22 species of unicellular and colo-
nial cyanobacteria as a function of cell or colony size shows an 
approximately 50-fold range of growth rates for cyanobacteria 
of a size similar to that of Gloeobacter, with Gloeobacter 
among the slowest growers. Nielsen (2006) did not adjust 
rates for differences in growth temperatures. Flynn (2009) 
considers the range of resource-saturated specific growth 
rates among photoautotrophic micro-organisms to be 
resource diversions that limit growth rate but improve evolu-
tionary fitness, e.g. anti-grazer defences.

The comparison of specific growth rates among cyanobac-
teria is consistent with a lower maximum net photosynthetic 
rate in Gloeobacter. This results from the smaller volume- 
specific area for the membrane-associated processes of photo-
synthesis in Gloeobacter with the absence of thylakoids, and 
hence the location of photosynthetic and respiratory catalysis 
as well as nutrient transporters, ion-regulating channels and 
transporters, and H+-pumping rhodopsin, in the plasma 
membrane, as well as constraints on synthesis, repair and 
function of the periplasm side of photosystem II resulting 
from growth in fresh water. This conclusion about the mem-
brane area per cell available for photosynthetic reactions in 
Gloeobacter depends on a similar size of thylakoid-containing 
species to that of Gloeobacter; a significantly lower size of 
Gloeobacter would attenuate the photosynthetic area per unit 
cell volume effect. The light-saturated rate of gross photo-
synthesis, assuming that respiration continues in the light at 
the same rate as in the dark, in Gloeobacter violaceus, on 
a chlorophyll a basis (57 mmol O2 mol−1 chlorophyll a s−1) 

is almost as high as that of Synechocystis (63 mmol O2 mol−1 

chlorophyll a s−1) measured under the same conditions. 
However, the much higher rate of dark respiration in 
Gloeobacter (25 mmol O2 mol−1 chlorophyll a s−1) than in 
Synechocystis (1.2 mmol O2 mol−1 chlorophyll a s−1) means 
a large difference in net photosynthesis (Gloeobacter with 
32 mmol O2 mol−1 chlorophyll a s−1; Synechocystis with 
61 mmol O2 mol−1 chlorophyll a s−1). Of course, relating 
the net photosynthesis to the potential for net C assimilation 
and potential growth rate requires a per cell or per cell 
C chlorophyll a content, which is not available for 
Gloeobacter. Importantly, all of the thylakoid-containing cya-
nobacteria in Table 2 are planktonic, while the epilithic habi-
tat of Gloeobacter involves a larger relative production of 
extracellular polysaccharides, imposing a diversion of more 
of the organic C produced in photosynthesis from growth of 
the cell within the outer membrane.

The comparison of Gloeobacter with Chlorobium requires 
further analysis. Chlorobium has no proton-pumping rhodop-
sins, and only one photochemical reaction in photosynthesis. 
It is also likely that the light-harvesting chlorosomes on the 
cytosol side of the plasma membrane of Chlorobium spare the 
occurrence of light-harvesting pigments in the membrane to 
a greater extent than phycobilisomes in Gloeobacter. Hauska 
et al. (2001) give values of 200,000 bacteriochlorophyll c (or 
d or e) per chlorosome, and 40 reaction centres in the cell 
(plasma) membrane per chlorosome, i.e. 5000 bacteriochlor-
ophyll per reaction centre. Koyama et al. (2008) found 1 PSII 
reaction centre per 185 chlorophylls in Gloeobacter violaceus, 
and 1 PSII reaction centre per 330 chlorophylls in 
Synechocystis. There seem to be no data on the phycobilin: 
chlorophyll ratio in Gloeobacter; the purple colour of this 
organism (Mareš et al. 2013a) is not necessarily all due to 
phycobilins in view of the presence of ion-pumping rhodop-
sin (Rexroth et al. 2011). In other cyanobacteria, the ratio of 
mol C-phycocyanin chromopores (phycocyanobilin):mol 
chlorophyll a is 0.16 for Oscillatoria agardhii Gomont (Post 
et al. 1986), and the ratio of mol C phycoerythrin chromo-
pores (phycoerthinobilin):mol C phycocyanin chromophores 
(phycocyanobilin):mol chlorophyll a is 4.2:0.13 in 
Pseudoanabaena sp. (Mishra et al. 2012).

How does the low maximum specific growth rate of 
Gloeobacter relate to its ecology? There are no estimates of 
growth rate of Gloeobacter in its natural environment, but 
1–5 mm thick mats of the phylogenetically derived freshwater 
and terrestrial cyanobacterial mats of Nostoc commune 
Vaucher ex Bornet & Fahault have doubling times of not 
less than 10–14 days, i.e. a specific growth rate of 0.05–0.07 
d−1 (Sand-Jensen 2014). The light-saturated rate of photo-
synthesis on an area basis of fully hydrated mats of Nostoc 
commune is at the lower end of the range for planar or 
cylindrical macrophytic algae (Sand-Jensen 2014; Raven 
et al. 2019), and related to the very high photosynthetic 
pigment per unit area and hence the large package effect (self- 
shading) of Nostoc commune mats, the mol O2 produced per 
mol absorbed photon is low (Raven et al. 2014; Sand-Jensen 
2014). The photosynthesis:respiration ratio in mats of Nostoc 
commune is low at 2.5, and the light compensation value is 
high at 9.5 μmol photon m−2 s−1, again apparently a result of 
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self-shading and high O2 and low CO2 in the mats (Sand- 
Jensen 2014). The low photosynthesis:respiration ratio and 
specific growth rate, and high light compensation point, of 
Gloeobacter violaceus relative to Synechocococcus during 
growth in liquid culture may be partly related to the forma-
tion of cell aggregates in liquid culture of Gloeobacter species 
(Selstam & Campbell 1996; Sicora et al. 2008; Mimuro et al. 
2011; Saw et al. 2013). This aggregation effect might be 
exacerbated by growth of Gloeobacter violaceus in mats, espe-
cially if the mats are as thick as for Gloeobacter kilauensis 
(5 mm; Saw et al. 2013). It seems likely that Gloeobacter would 
grow more slowly than mats of Nostoc commune of 
a comparable thickness and under otherwise similar 
conditions.

UV AS A CONSTRAINT ON PHOTOSYNTHESIS BEFORE 
THE GOE

A potential constraint on photosynthesis before the Global 
Oxidation Event (GOE) was the greater UV flux, and especially 
UVC (< 280 nm), in the absence of stratospheric ozone as a UV 
screen (Cockell & Raven 2007; Zerkle et al. 2012; Mioszewska 
et al. 2018; Kugler & Dong 2019). Photosynthetically active 
radiation, i.e. (380)–400–700 (–730) nm is required for oxygenic 
photosynthesis, so any screening of UV must still allow the 
photosynthetic light-harvesting pigments to be supplied with 
photosynthetically active radiation (Cockell & Raven 2007; 
Zerkle et al. 2012; Mioszewska et al. 2018; Kugler & Dong 
2019; Garcia-Pichel et al. 2019). A possible global screening 
mechanism is a UV-absorbing organic atmospheric haze with 
lifetime of individual molecules increased by the absence of 
oxidation by atmospheric O2 (Zerkle et al. 2012). Marine, and 
probably freshwater ecosystems, would have had dissolved Fe2+ 

as a UV screen before oxidation by O2 to Fe2+, although some 
Fe2+ would be removed by anoxygenic photosynthesis using Fe2+ 

as electron donor. On land and in marine and freshwater micro-
bial mats, phyllosilicates (Fe + Si) could act as a local UV refuge 
for cyanobacteria with UV absorbed to a greater extent than 
photosynthetically active radiation (Mioszewska et al. 2018; 
Kugler & Dong 2019). This is a special case of endo- or hypo- 
lithic UV refuges (Cockell & Raven 2007). The stromatolite- 
forming marine cyanobacterium Geitlerionema is very UV-C 
resistant (Popall et al. 2020). Cockell et al. (2009) have estimated 
the potential for net O2 production by endo- and hypo-lithic 
oxygenic terrestrial photolithotrophs covering the land surface; 
the upper limit, assuming essentially all the organic carbon 
produced escapes oxidation, would produce the present atmo-
spheric O2 mass in c. 1 Ma. The limited organic C oxidation 
would deplete atmospheric CO2; estimates of neo-Archaean CO2 
partial pressure have been are as high as 70 kPa (Lehmer et al. 
2020), compared to 41 Pa today, although CO2-concentrating 
mechanisms are apparently an ancestral cyanobacterial trait 
(Raven et al. 2017). Resupply of CO2 from vulcanism would 
also involve efflux of reducing gases and lava that consume O2.

Finally, the UV flux incident on cyanobacterial cytoplasm 
can be decreased by extracellular, UV-absorbing compounds 
synthesized by the cells. One such compound is scytonemin, 
produced by many later-evolving cyanobacteria (not 
Gloeobacter) that screen UVA whose damaging action is 

enhanced by O2 (Garcia-Pichel et al. 2019). The common 
intracellular UV-screening mycosporine-like amino acids 
have not been reported in Gloeobacter (D’Agostino et al. 
2019).

COULD CYANOBACTERIA ON LAND AND/OR IN FRESH 
WATER HAVE ACCOUNTED FOR ORGANIC C BURIAL 
AND CORRESPONDING O2 ACCUMULATION DURING 
THE GOE?

Granted a terrestrial or freshwater origin of cyanobacteria, the 
sequence of habitats colonized by cyanobacteria is terrestrial 
and/or freshwater, then marine benthos, and finally marine 
plankton (Blank & Sánchez-Baracaldo 2010; Blank 2013a; 
Sánchez-Baracaldo et al. 2014; Lyons et al. 2014; Sánchez- 
Baracaldo 2015; Dick et al. 2018; Schad et al. 2019; Sánchez- 
Baracaldo et al. 2019; Sánchez-Baracaldo & Cardona 2020). In 
considering whether terrestrial and/or freshwater cyanobac-
teria could have been responsible for the GOE 2.3–2.4 Ga ago, 
a necessary preliminary is that terrestrial and/or freshwater 
cyanobacteria existed prior to the GOE. Direct fossil evidence 
for Archaean cyanobacteria is lacking (Demoulin et al. 2019). 
However, evidence consistent with an early Archaean (c. 
3.2 Gya) origin of photosystem II, the version of Type II 
photosynthetic reaction centres that, with the oxygen- 
evolving complex, is the only biological mechanism that gen-
erates O2 from H2O (Cardona 2019; Cardona et al. 2019; 
Tamura et al. 2020). This does not necessarily mean that 
there were cyanobacteria as currently known, and multigene 
molecular phylogenetic data suggest the origin of the crown 
group cyanobacteria (genome of extant Gloeobacter) at 2.6–-
2.7 Gya (Sánchez-Baracaldo et al. 2014; Sánchez-Baracaldo 
et al. 2017a, 2017b; Dick et al. 2018; Cardona et al. 2019; 
Hamilton 2019; Sánchez-Baracaldo & Cardona 2020). The 
molecular phylogenies suggest that a limited number of 
early branching cyanobacteria taxa survived the GOE, with 
a predominance of freshwater and/or terrestrial species 
(Sánchez-Baracaldo et al. 2014; Sánchez-Baracaldo et al. 
2017a, 2017b; Dick et al. 2018; Cardona et al. 2019; 
Grettenberger et al. 2020; Sánchez-Baracaldo & Cardona 
2020). In other words, only a handful of basal taxa left des-
cendants, since most of the modern cyanobacteria groups 
diversified after the GOE (Sánchez-Baracaldo & Cardona 
2020).

Were the freshwater and terrestrial biospheres adequate to 
account for the GOE (Sánchez-Baracaldo 2015)? The accu-
mulation of O2 in the biosphere requires organic C burial in 
excess of that stoichiometric with O2 accumulation. This is 
because some of the O2 produced is consumed in oxidation of 
Fe2+ and S2- on the land surface, in the surface of water bodies 
and by reducing gases in the atmosphere (Lyons et al. 2014). 
There was emergent continental crust from c. 3.5 Ga ago 
(Buick et al. 1995), microbially-induced sedimentary struc-
tures from a c. 3.38 Gya coastal marine environment 
(Noffke et al. 2013), palaeosols from c. 3 Ga ago (Retallak 
et al. 2016) and lakes with stromatolites from c. 2.7 Ga ago 
(Buick 1992; Awramik & Buhheim 2009; Stueken et al. 2017; 
Willmeth et al. 2019). Willmeth et al. (2019) suggest from the 
occurrence of fenestrae in the stromatolites could be related to 
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oxygenic photosynthesis. Lakes with benthic (and planktonic) 
cyanobacteria illustrated by Dick et al. (2018, fig. 2a) depict 
pre-GOE biogeochemistry. Sumner et al. (2015) suggest that 
microbial mats in Lake Fryxel (Antarctica) are an analogue of 
Archaean oxygen oases.

A major quantitative role of freshwater cyanobacteria in the 
GOE requires burial of photosynthetically produced organic 
C in stoichiometric excess of O2 accumulation to accommodate 
inorganic O2 consumption in oxidation of Fe2+, S2-, and redu-
cing gases. Cyanobacteria in today’s freshwater habitats have a 
substantial role in organic C burial (about 0.013 Pmol 
C per year), which, other things being equal, equals 0.013 Pmol 
O2 released (Mendonça et al. 2017). However, there are large 
organic C inputs to fresh waters from terrestrial productivity, 
the metabolism of which means that 0.027 Pmol CO2 is 
released from fresh waters, i.e. about 0.027 mole O2 uptake 
(Mendonça et al. 2017). The same applies to combined N input 
from the catchment to freshwater habitats, with net N2O and 
N2 losses to the atmosphere showing that denitrification and 
anammox reactions exceed N2 fixation, mainly by cyanobac-
teria (Loeks-Johnson & Cotner 2020). Organic C burial in fresh 
waters at the time of the GOE would have had a much smaller 
input from catchment primary productivity.

There is fossil evidence of Archaean (c. 3.2–2.6 Ga) terres-
trial microbial mats with organic carbon isotope natural 
abundance values consistent with a photosynthetic origin 
(Watanabe et al. 2000; Lenton & Daines 2017; Homann 
et al. 2018; Thomazo et al. 2020). Finke et al. (2019) and 
Thomazo et al. (2020) suggest that extant cyanobacteria- 
dominated soil crusts are modern analogues of the Archaean 
continental biosphere, using C and N isotope natural abun-
dance data from recent and c. 3.2-billion-year-old crusts; 
natural abundance of N isotopes is more liable to diagenetic 
change than C isotopes (Handley & Raven 1992). Elbert et al. 
(2012) show that today’s cryptogamic covers, with 
a significant contribution from cyanobacteria, contribute 
about 7% to terrestrial primary productivity, with vascular 
plants providing habitats (as phorophytes, and by shading). 
Edwards et al. (2015) and Raven (2018) discuss the role of 
cyanobacteria and other components of cryptogamic cover 
before the evolution of vascular plants. The high UVB and, 
especially, UVC flux incident on the Earth’s surface before the 
development of a stratospheric ozone shield might mean that 
both terrestrial and freshwater oxygenic photosynthesis are 
endolithic and hypolithic, with rocks intercepting UVB and 
UVC relative to photosynthetically active radiation. Cockell 
et al. (2009) discuss the possible capacity for net O2 produc-
tion in endo- and hypolithic habitats. UV flux problems with 
Archaean photosynthesis are further discussed below.

Molecular phylogenetic studies render the presence of 
modern benthic marine cyanobacteria at the time of the 
GOE rather unlikely (Sánchez-Baracaldo et al. 2014; 
Sánchez-Baracaldo et al. 2017a, 2017b; Dick et al. 2018; 
Cardona et al. 2019; Grettenberger et al. 2020; Sánchez- 
Baracaldo & Cardona 2020). However, ancestral stem 
groups of marine mat-forming cyanobacteria were becom-
ing established around the time of the GOE (Blank & 
Sánchez-Baracaldo 2010). The evidence of Neoarchean 
photosynthesis in a coastal lagoon (Eroglu et al. 2017) 

does not necessarily mean oxygenic photosynthesis (but 
see Koehler et al. 2018; Cardona 2019; Ossa et al. 2019). 
The natural abundance stable isotope ratio of carbonate 
C and organic C (Eroglu et al. 2017) are just at the limit 
of the range of extant cyanobacteria using Form IB Rubisco 
(McNevin et al. 2007), but also at the limit of the range of 
photosynthetic proteobacteria using Form II Rubisco 
(McNevin et al. 2007) or Form IC Rubisco (Thomas et al. 
2018). However, the isotopic data (Eroglu et al. 2017) are 
also consistent with autotrophic CO2 assimilation, using 
phosphoenolpyruvate carboxykinase as the initial carboxy-
lase in a C4 pathway such as is proposed for the marine 
ulvophycean green alga Udotea flabellum (J. Ellis & 
Solander) M. Howe (Raven et al. 2002).

The extent of terrestrial habitats might not be adequate 
to explain the GOE (Sánchez-Baracaldo et al. 2014; 
Sánchez-Baracaldo 2015; see Lyons et al. 2014) although 
terrestrial cyanobacteria play important subsequent roles 
in bioengineering the land surface of our planet today 
(Edwards et al. 2015; Raven 2018). Based on ancestral 
state reconstruction, it is likely that there were marine 
(non-planktonic) cyanobacteria (Blank & Sánchez- 
Baracaldo 2010), and multicellular/filamentous cyanobac-
teria (Schirrmeister et al. 2013, 2016) at the time of the 
GOE (see also Sánchez-Baracaldo et al. 2014; Sánchez- 
Baracaldo 2015). Furthermore, the GOE occurred at about 
the time that the modern PSII configuration evolved 
(Cardona et al. 2019). Even if there were benthic marine 
cyanobacterial mats by the time of the GOE (Sánchez- 
Baracaldo et al. 2014; Sánchez-Baracaldo 2015), there 
could be limits on the extent of their net primary produc-
tivity, and hence on their contribution of organic C burial 
and O2 production to the GOE (Dick et al. 2018).

CYANOBACTERIA AND THE LOMAGUNDI-JATULI 
EVENT

The Lomagundi–Jatuli Event (LJE) is recognized by an 
increase of up to 10‰ in the δ13C of marine carbonates 
2.2–2.1 Gya. This is interpreted as a large increase in 
photosynthetic primary productivity, preferentially remov-
ing the 12C from the inorganic C pool relative to 13C, 
leaving a relatively 13C-enriched (higher δ13C) inorganic 
C pool in the surface ocean (Paiste et al. 2020). If the LJE 
were ocean-wide it would have involved very large organic 
C burial and O2 production and would require large pri-
mary production rates in the open ocean with the corre-
sponding occurrence of planktonic cyanobacteria. However, 
the data in Paiste et al. (2020) show that the LJE was 
a coastal ocean phenomenon, with much smaller effects in 
open ocean carbonate sediments. While this agrees with the 
absence of planktonic cyanobacteria 2.2–2.1 Gya, the most 
basal lineages of cyanobacteria indicate that shortly after 
the diversification of the last common ancestor of cyano-
bacteria, lineages were colonizing a wide range of habitats. 
Molecular phylogenetic data and trait evolution analyses of 
cyanobacteria suggest that marine lineages were already 
present by around the GOE, but modern mat-forming, 
salinity-tolerant cyanobacteria evolved after this event 
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(Blank & Sánchez-Baracaldo 2010; Blank 2013b; Sánchez- 
Baracaldo et al. 2014; Lyons et al. 2014; Sánchez-Baracaldo 
2015; Dick et al. 2018; Sánchez-Baracaldo & Cardona 2020).

CONCLUSIONS

The basal cyanobacterium Gloeobacter lacks thylakoids and 
grows slowly in liquid culture under what are believed to be 
conditions allowing maximum growth relative to other cyano-
bacteria examined. While it is tempting to relate this slow growth 
to the absence of thylakoids and a low maximum rate of photo-
synthesis, more data are needed to test this possible relationship. 
Slow growth in culture is unlikely to be a result of the tendency 
of cells to aggregate, as occurs in growth in epilithic mats in 
nature, if the growth conditions are not limited by light or 
nutrients; aggregation would increase growth limitation by low 
light (increased package effect in photosynthesis) or nutrients 
(increased diffusive limitation on supply to the plasma mem-
brane) such as would occur when these resources are limiting. 
The absence of thylakoids in Gloeobacter, and its low-salinity 
habitat, means that the oxygen-evolving complex of photosys-
tem II on the periplasmic side of the plasma membrane is 
exposed to concentrations of Mn2+, Ca2+ and Cl− that are prob-
ably limiting for the rate of synthesis, and re-synthesis after 
photoinhibition, of the oxygen-evolving complex; this might 
limit the growth rate. Furthermore, low external Cl− concentra-
tions could limit photosynthesis even with an assembled oxygen- 
evolving complex.

Gloeobacter has retained basal cyanobacterial traits; could 
such cyanobacteria living on land or in fresh water have been 
responsible for the GOE in the Palaeoproterozoic? There is 
evidence of whiffs of O2, and microbial mats and organic 
C storage on the continental surface in the Archaean. With 
the best available dating of the molecular phylogeny of cyano-
bacteria, it is very unlikely that there were marine planktonic 
cyanobacteria. Although there is evidence consistent with cya-
nobacteria on the continental surface having a role in the GOE, 
more evidence is needed on whether organic C burial can 
explain the increase in O2. More work is needed to test 
a continental surface or marine benthic origin of the subse-
quent Palaeoproterozoic Lomagundi-Jatuli excursion.
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gene duplication that led to D1 and D2. The Cyanobacteria crown group inherited a heterodimeric photosystem II now shared by all oxygenic phototrophs. The 
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