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Abstract

Multicellularity in Cyanobacteria played a key role in their habitat expansion contributing
to the Great Oxidation Event around 2.45-2.32 billion years ago. Evolutionary studies have
indicated that some unicellular cyanobacteria emerged from multicellular ancestors, yet
little is known about how the emergence of new unicellular morphotypes from multicellular
ancestors occurred. Our results give new insights into the evolutionary reversion from
which the Gloeocapsopsis lineage emerged. Flow cytometry and microscopy results
revealed morphological plasticity, involving patterned formation of multicellular
morphotypes sensitive to environmental stimuli. Genomic analyses unveiled the presence
of multicellular-associated genes in its genome. Calcein-FRAP experiments confirmed that
Gloeocapsopsis sp. UTEXB3054 carry out cell-to-cell communication in multicellular
morphotypes, but in slower timescales than filamentous cyanobacteria. Although
traditionally classified as unicellular, our results suggest that Gloeocapsopsis displays
facultative multicellularity, a condition that may have conferred ecological advantages for
thriving as an extremopbhile for more than 1.6 billion years.
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Importance

Cyanobacteria are amongst the few prokaryotes that evolved multicellularity. The early
emergence of multicellularity in Cyanobacteria (2.5 billion years ago) entails that some
unicellular cyanobacteria reverted from multicellular ancestors. We tested this evolutionary
hypothesis by studying the unicellular strain Gloeocapsopsis sp. UTEXB3054, using flow
cytometry, genomics and cell-to-cell communication experiments. We demonstrated the
existence of a well-defined patterned organization of cells in clusters during growth, which
might change triggered by environmental stimuli. Moreover, we found genomic signatures
of multicellularity in Gloeocapsopsis genome, giving new insights into the evolutionary
history of a Cyanobacterial lineage that has thrived in extreme environments since the early
Earth. The potential benefits in terms of resource acquisition and ecological relevance of
this transient behavior are discussed.

Introduction

Cyanobacteria have fundamentally transformed the geochemistry and biodiversity
on the Earth’s surface. They are thought to be responsible for the rise of atmospheric
oxygen levels during the Great Oxidation Event around 2.4-3.2 billion years ago, enabling
the evolution of more complex forms of life (1, 2). Cyanobacteria have colonized most
terrestrial environments, thriving even in extreme environment conditions such as high UV
light radiation and extreme desiccation (3, 4), representing one of the most morphologically
diverse prokaryotic phyla. Traditionally Cyanobacteria have been classified in five different
morphological sections: unicellular (section 1); unicellular organized in packet-like
structures (section I1); basic filamentous forms and undifferentiated cells (section I11);
multicellular and differentiated (section IV); and multicellular and differentiated with the
ability to branch in multiple dimensions (section V) (5). Moreover, among cyanobacterial
differentiated cells we might find hormogonia (matile cells), akinetes (a kind of spore) and
heterocysts (metabolically specialized cells with the ability to fix inorganic nitrogen) (6-8).

Cyanobacteria represent one of the few prokaryotic phyla in which multicellularity
evolved. Trait evolution analyses have shown that the earliest linages of Cyanobacteria
were unicellular and the emergence of filamentous multicellular representatives occurred
very early in the evolution of Cyanobacteria (2, 9-13). Among other characters, such
transition required the emergence of a coordinated assembly of cells, cell-to-cell adhesion
and intercellular communication leading to a coordinated activity (2, 14-17). In particular,
filament formation in Cyanobacteria has been proposed to be the result of gain-of-function

mutations (18, 19), and several genes have been reported to be essential for it. For example,

INVHONINYIG 40 AINN ¥ 0202 ‘0T |udy uo /Bio wse qly/:dny woly papeojumoq


http://jb.asm.org/

O
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=

Journal of Bacteriology

Journal of Bacteriology

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

the fraC-fraD-fraE operon and sepJ (also known as fraG) encode for membrane proteins
that are needed to produce cell-to-cell joining structures (nanopores) (20, 21) and filament
integrity in multicellular heterocyst-forming cyanobacteria (21-29). In the Nostocales, SepJ
has three well defined domains: an N-terminal coiled-coil domain, a central linker and a C-
terminal permease domain(19, 21); this protein is located at cell poles and it is required for
Anabaena sp. PCC7120 to form and place nanopores or septal junctions (20, 26), with
multimeric SepJ structures at the intercellular septa interacting with peptidoglycan (30, 31).
Previous studies have shown molecular exchange between the cytoplasm of cells of
filamentous cyanobacteria by using fluorescent tracers, especially calcein (25).
Furthermore, calcein-FRAP experiments comparing wild type with sepJ null mutants and
overexpressors revealed the role of SepJ in mediating intercellular molecular diffusion in
Anabaena sp. PCC7120 (19, 20, 25).

Other important genes in filament formation such as the cell wall amidases amiC1
and amiC2 genes are located in tandem in Nostoc punctiforme genome and together have
also been associated to multicellular phenotypes (32, 33). The protein AmiC1 is required
for the correct localization of SepJ at the septum (32), and together they play important role
in the placement of nanopores and septal junctions (26) allowing intercellular
communication and heterocyst development (32, 33). AmiC2, localized within septa (34)
seems to be essential for multicellular development and the filament elongation in
N.punctiforme, since its knock-out mutant did not grow as a normal filamentous organism
but forms clusters of cells that are resistant to disintegration (35). Moreover, a common
minimal set of 10 genes has been proposed to be related with filament formation and/or
function in Cyanobacteria, including CyDiv, hetR, patU3 and hetZ (18, 36).

Evolutionary studies have suggested that certain reversions from multi-to-
unicellularity occurred within the cyanobacterial phylum (10, 12, 37). One of these cases is
represented by the Gloeocapsa-like clade, comprised by cyanobacteria that have been
traditionally classified in the section 11 (unicellular cyanobacteria with packet-like
phenotypes). The shared ancestry with the filamentous Nostocales clade have suggested
that their origin was the result of the loss of some multicellular features(10, 12, 37, 38).

The evolutionary history of Gloeocapsa-like cyanobacteria suggests that

multicellular phenotypes (e.g., tetrads) commonly observed in unicellular cyanobacteria
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from section Il (39-41) do not represent random aggregated cells within an extracellular
matrix, as previously thought (42-44). Based on their evolutionary origin and morphology
(38), we hypothesized that Gloeocapsa-like cyanobacteria exhibit an intermediate
phenotype, with a phenotypic plasticity that allows it to behave as both multicellular
(adhered clusters of cells as multicellular morphotypes) and/or unicellular depending on
environmental conditions.

In this work, we studied the extremophile Gloeocapsopsis sp. UTEXB3054. By
implementing the use of flow cytometry with cell sorting and microscopy, we characterized
the phenotypic transitions that Gloeocapsopsis sp. UTEX B3054 undergoes during growth
in standard liquid medium as well as in modified media. We tested the phylogenomic
hypothesis predicting that Gloeocapsopsis evolved from the multicellular ancestor shared
with the Nostocales. We therefore looked into whether Gloeocapsopsis and their close
relatives share genes and/or genomic signatures underpinning this reversion. Our
comparative genomic analysis revealed that Gloeocapsopsis sp. UTEXB3054 retained
genomic features previously linked to filamentous multicellularity such as sepJ, frakE, fraH
and CyDiv (all2320), but lacks others such as amiC2. Cell-to-cell communication, hallmark
of heterocyst-forming cyanobacteria, was confirmed by Calcein-FRAP experiments within
multicellular morphotypes of Gloeocapsopsis. Our study provides new insights into one of
the few reversion events from a multicellular ancestor known to occur in nature. This event
gave rise to the unicellular lineage of Gloeocapsopsis-like cyanobacteria more than 1.6

billion years ago (10).
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Materials and Methods

Strain and culture conditions

Gloeocapsopsis sp. UTEXB3054 was grown in 250 ml Erlenmeyer flasks
containing 45 ml of BG11 medium, which is widely used for the cultivation of coccoid
cyanobacteria (5, 45). 5 ml aliquots from stationary phase cultures were used to inoculate
the medium (Optical Density750=1.0). Cultures were incubated at 28°C without agitation
under 10 puE of white light on a 12/12 hour light/dark cycle. Thereafter, OD was measured
every two days after gentle manual agitation of the cultures for homogenization. We
previously observed that OD7sp measurements and dry-weight are highly correlated
(Pearson correlation r2=0.99; P<0,0001; not shown). OD7so was chosen over fluorescence
measurements, as pigment per cell may change at the end of culture growth (increasing as
self-shading occurs, or sometimes declining as nutrient-limitation occurs), and precise cell
counts were complicated by multicellular phenotypes. For studying possible phenotypic
changes in cell clusters triggered by environmental stimuli, we modified the BG11 medium.
We used BG11 without nitrate (commonly known as BG11o), as well as medium without
phosphates. The pH was always adjusted to the same as the replete BG11, and monitored
during growth curve. No changes in pH were observed during growth curve in these
modified media (data non shown). The inoculation method employed was the same
described above. 5 ml aliquots of stationary culture previously grown in replete medium
were inoculated in depleted media. The growth curves were performed using cells that have
been growing in reduced medium for only one cycle and without washing before
inoculation. The rationale behind that was to avoid any type of mechanical disturbance to
cell colonies due to washing the culture and to allow the culture undergo growth as it
responded to a chemical change in the medium. Growth experiments were performed in 3-4
replicates. For transmission electron microscopy (TEM) and Periodic acid-Schiff staining

(PAS)/ Optical microscopy, samples were processed as previously described (46).

Flow cytometry and cell sorting
Samples of Gloeocapsopsis sp. UTEXB3054 were analyzed and sorted with an
inFlux™ cell sorter (Cytopeia, currently manufactured by BD, Franklin Lakes, NJ, USA).

The samples were processed without fixation (see above) immediately after harvesting and
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OD measurements. Light scatter and fluorescence were induced with 488-nm and 640-nm
excitation lasers (Coherent Inc., Santa Clara, CA, USA). Scatter and fluorescence signals
(580-30 nm, phycobiliproteins; 692-40 nm, chlorophyll) were detected with
photomultipliers (Hamamatsu Photonics K.K.) and the current pulses were processed with
logarithmic amplifiers. Digitized values of pulse heights were recorded with Sortware™
software (BD, Santa Cruz, CA, USA). The instrument was aligned and calibrated with 2
UM YG beads (Polysciences, USA) and 3 um UltraRainbow fluorescent beads (Spherotech
Inc. Libertyville, IL, USA). Alignment was considered satisfactory if the CV of bead
singlets was less than 2.5%. The cytometer settings were adjusted to position the peak
beads scatter and fluorescence at approximately 90% of the full scale (allowing all
cyanobacteria in the cultures to be on-scale). Samples were analyzed, and cells were sorted
with a 70 um ceramic tip at a sample pressure of 1-2 psi above the sheath pressure (15 psi).
Cells were run a rate of 2000 cells/s. Fluorescence and scatter profiles were obtained by
running samples for 2 minutes. For sorting the instrument was loaded with a sterile sheath
fluid of 3% NaCl, that was sterilized by filtration through a 0.2 um filter. A Sterivex filter
mounted in the sheath line of the system served as a second filtration stage. Sorting of
selected scatter and fluorescence regions was performed using 1-drop purity mode. Flow
cytometry profiles were analyzed using FlowJo Software.

Comparative Genomic Analyses

A genomic screening was conducted in order to identify multicellular related genes
in unicellular and multicellular cyanobacterial genomes. Amino acid sequences from
proteins functionally characterized in Anabaena sp. PCC7120 were downloaded from the
IMG/JGI database and used for tBLASTn (47) comparison searches (thresholds used: e-
value <10 and bit score >100) in other cyanobacterial genomes downloaded from same
database. Code accession of cyanobacterial genomes and amino acid sequences are found

in Supplementary Information Table S1.
Phylogenetic Analyses

All sequence data were obtained from GenBank (www.ncbi.nIm.nih.gov). A total of
350 cyanobacterial genomes were screened (Table S2) using Anabaena’s SeplJ sequence as
query. Gene sequences were aligned using MAFFT v7.123b (48). To investigate the
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evolution of SepJ, we performed phylogenetic analyses based on the C-terminal permease
domain, conserved among homologue sequences found (this section includes the last 339
aa from the protein alignment found in Fig. S1). Bayesian analyses were implemented to
determine the phylogenetic relationships of SepJ under the CAT-GTR+G model in
Phylobayes MPI 1.7a (49). Convergence of Bayesian analyses was tested using the
software Tracecomp (in Phylobayes). In order to know position of the root in the tree,
different rooting options were evaluated by implementing different methodologies: (1)
outgroup rooting (50, 51), (2) midpoint rooting (52), and (3) Bayesian molecular clock
rooting (53). We used Pseudanabaena SepJ for outgroup rooting. The midpoint rooting
was estimated in R (54), and the root that minimizes the variance of root-to-tip distances

was estimated in TempEst v1.5.1 (55).
Calcein loading

Calcein is a hydrophilic molecule of 623 Da, which can be loaded into
cyanobacterial cells as the cell-permeant acetoxymethyl ester derivative (25). Esterase
activity in the cytoplasm releases a fluorescent product that is trapped in the cytoplasm
because it is too hydrophilic to diffuse across lipid bilayers. Intercellular exchange of
calcein has been monitored by confocal fluorescence recovery after photobleaching (FRAP)
experiments in which fluorescence is bleached in one cell (e.g. of a filament). Subsequent
imaging can reveal re-equilibration of fluorescent calcein between cells due to simple
diffusion through septal junctions: protein channels which link the cytoplasm of adjacent
cells in the filament (25, 56, 57). In this study, calcein was loaded into the cytoplasm of
Gloeocapsopsis cells using a protocol adapted from Mullineaux et al., 2008 (25). The
acetoxymethyl ester derivative of calcein (Calcein AM; Thermo Fisher Scientific) was
dissolved in dimethylsulfoxide to a concentration of 1mg/ml. 0.5 ml of cell culture was
harvested by gentle centrifugation, washed twice in fresh BG11 medium, resuspended in
0.5 ml fresh medium and mixed with 10 pl calcein AM solution. The cells were then
incubated in the dark at 28 °C for 90 min before harvesting and washing 3 times in fresh
BG11 medium. Small drops of cell suspension were spotted onto BG11 agar plates and
incubated until all the free liquid was evaporated or adsorbed. Blocks of agar with the cells

on the surface were cut from the plate, placed on a cover-slip and mounted in the well of a
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custom-built sample holder.

Confocal microscopy and Fluorescence Recovery After Photobleaching

Cells were imaged with a Leica TCS SP5 laser scanning confocal microscope with
63X oil-immersion objective lens (numerical aperture 1.4). The confocal pinhole was set to
give a resolution in the z-direction of approximately 8 pm. Excitation was with the 488 nm
line of an argon laser. Monochromators were set to image calcein fluorescence at 503-515
nm and chlorophyll fluorescence at 670-720 nm. Bleaching was accomplished by a single

scan over a box of 3.8 x 3.8 um overlapping with one cell in the field of view.

Results
Morphology and ultrastructure of Gloeocapsopsis

In nature and also when growing in liquid medium, Gloeocapsopsis sp. UTEX
B3054 appears both as single cells and forming cellular packets or clusters containing
between 2 and 4 cells, or even more cells (Fig. 1). Ultrastructural observations showed that
the EPS is concentrically organized around cells in an onion-like configuration throughout
the growth of Gloeocapsopsis sp. UTEX B3054. Clustered cells tend to be attached by
sugar-rich extracellular matrix (Fig. 1A) that shows blue autofluorescence (Fig. 1B),
forming the archetypal tetrads and packet-like clusters with multiple cells observed in
nature (Figs. 1C, 1E, 1F) (hereafter termed colonies and/or multicellular phenotypes). Each
cell is delimited by the cell wall structure typical of cyanobacteria, which is comprised by
the cytoplasmic membrane (CM), a peptidoglycan layer (Pg) and the outer membrane (OM)
(Fig. 1D). The periplasmic space between the peptidoglycan and the outer membrane was
not continuous among cells. Cell division occurs through equal binary fission within the
EPS (Fig. 1E).
Changes of cellular morphotypes during growth

Based on the autofluorescence of Gloeocapsopsis phenotypes (determined by light
harvesting pigments such as chlorophyll, phycocyanin and phycoerythrin) and light
scattering signatures of cells, flow cytometry coupled to particle sorting allowed us to
distinguish between single cells of Gloeocapsopsis sp. UTEXB3054 and its several
(multi)cellular phenotypes. Three main phenotypic groups of Gloeocapsopsis were defined

for further analysis: (a) single cells, (b) groups of intermediate colonies (primarily
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phenotypes comprising between 2 and 4 cells) and (c) colonies with more than 4 cells
(multiple or multicellular clusters) (Fig. S2). Noteworthy, single cell phenotypes (cells with
the lowest light scatter signals) included two different groups of cells in terms of red (692-
40 nm) and orange (580-30 nm) fluorescence when excited with blue light (488 nm) (Fig.
S3). Analysis of both single cell phenotypes using the violet laser (405 nm) indicated that
some of them lacked blue autofluorescence, whereas all the other Gloeocapsopsis’s
phenotypes presented blue autofluorescence (data non shown).

The culture exhibited a consistent pattern of changes in intercellular organization
during growth under replete conditions, with the highest levels of phenotypic heterogeneity
occurring under active growth phase (Figs. 2 and 3). At this stage, red-fluorescent single
cells significantly increased up to 20% of the total phenotypes, tending to disappear when
entering into stationary phase (Table S3). Once in active growth, cellular phenotypes with
intermediate light scattering properties split into two main subgroups with different light
scattering properties, turning back into the distribution observed in lag-phase and early
growth once in stationary phase (Fig. 3). Finally, the presence of multicellular phenotypes
significantly increased under active growth (Fig. 2 and Table S3), turning back to original
values once in stationary phase (Fig. 2 and Table S3).

The morphotypes exhibited by Gloeocapsopsis sp. UTEX B3054 changed when the
chemical composition of the medium was modified (Fig. 2; dashed lines). In contrast to
what was observed under replete growth, light scattering signatures of phosphate-deprived
cultures were more homogeneous during the active phase of growth (Fig. 2C-D). The
intermediate colonies were more prevalent in phosphate-deprived medium in comparison to
standard medium, while the presence of multicellular colonies was significantly lower
(Tables S3 and S4). Moreover, the orange-fluorescent single cell phenotype almost
disappeared during active and stationary growth under phosphate-limited conditions
(Tables S3 and S4). The intrinsic ability of Gloeocapsopsis to organize in different
multicellular morphotypes was less affected under nitrate-deprivation (BG11, medium)
(Tables S3 and S4). However, in BG11, medium there was a significant decrease in the
proportion of intermediate colonies during active growth, while there was an increase in the
proportion of red-fluorescent single cells during both active growth and stationary phase.

The differences observed in terms of the ability to form different phenotypes under
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different growth media were not reflected in biomass change measured by light
transmittance correlated to differences in biomass increase of the cultures (data non
shown).

Comparative genomic analyses for key genes associated with multicellularity.

The organized phenotypic transitions observed during Gloeocapsopsis growth and
its ability to modify the patterned growth under different chemical settings in media lead us
to predict that Gloeocapsopsis and its close relatives likely retained some multicellular
features which might be found in their genomes.

Based on genes functionally associated with multicellular abilities in Cyanobacteria,
we performed a genomic survey in cyanobacterial genomes. Homologues of all
multicellular related genes (18) were found in Nostocales genomes but were absent in
model unicellular cyanobacteria such as Prochlorococcus and Synechoccocus (Table 1).
Noteworthy, Chrooccacceae cyanobacteria encode for some of them, including homologous
genes of fraE and fraH (Table 1). For instance, homologous genes of the well-described
Anabaena’s fra-operon were conserved in all the Nostocales cyanobacteria, although only
some isolated homologous genes were present in Chroooccacceae genomes, which lack of
fraC and fraD. The cell wall amidase genes amiC1 and amiC2 occurring in tandem were
found to be exclusive of Nostocales cyanobacteria (Fig. 4). In contrast to Nostocales, we
found that Chroococccacceae cyanobacteria only possess amiC1, lacking the adjacent gene
copy of the multicellular-related amidase gene (amiC2). However, amiCl in
Chroococccacceae occurred in a conserved genomic context to the Nostocales amiC1 and
amiC2, being upstream and same orientation as a glutamate racemase (COG0796),
transnonapredyl diphosphate synthase (COG0142) and a transglutaminase-like putative
cysteine protease (COG1305) (Fig. 4).

Phylogeny of SepJ

A blast search using the functionally described SepJ aminoacid sequence of Anabaena sp.
PCC7120 showed that 179 of the 350 cyanobacterial genomes screened encode an
homologue sequence of SepJ. Strictly unicellular cyanobacteria like Synechoccoccus and
Prochlorococcus lack SepJ-like sequences. All Chroococcacceae cyanobacteria encode for
a partial or shorter homologue to Anabaena’s SepJ: a Drug/Metabolite Exporter (DME)-

family permease, with high levels of amino acid identity (34% of sequence identity and

10
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53% of positive substitutions), lacking both the N-terminal domain with the predicted
coiled-coil domain (CC) and the internal linker region (L) characteristics of the Anabaena’s
SepJ (Table S5 and Figure S1). Bayesian phylogenetic analysis of SepJ and DME-family
permease homologues found in 179 cyanobacterial genomes show that they are sister clades
(Fig. 5). Within the DME-family permease clade there are some well-defined groups
including Nostocales, and some cyanobacteria traditionally classified as unicellular (e.g.
Gloeocapsopsis, Chroococcidiopsis). Within the SepJ clade, we found SepJ-like proteins
comprised by two or three domains (CC+P; CC+L+P). The SepJ topology is consistent
with previously published genome phylogenies (10) (Fig. 5; see also Fig. S4 to statistical
support and posterior probabilities). Possible topology rooting options explored are
illustrated in an unrooted topology (Fig. S5). SepJ variants shows that the Pseudanabaena-
like homologue to SepJ is basal, followed by a paraphyletic group containing filamentous
cyanobacteria that do not undergo any cell differentiation (e.g. Phormidium, Oscilatoria,
Leptolyngbya) and a more recently divergent group including the Nostocales SepJ. DME-
family permease sequences are found in both filamentous cyanobacteria (e.g. Nostoc and
Leptolyngbya, among others) and cluster-forming unicellular cyanobacteria (e.g.
Chroococcidiopsis, Acaryochloris). Interestingly, 56,7% of DME-family permeases are
encoded by taxa that do also encode for long SepJ variants (Nostoc and Leptolyngbya,
among others) (Table S5).
Cell-to-cell communication

We tested for the possibility of intercellular communication in dyads and tetrads of
Gloeocapsopis by performing calcein FRAP experiments. We found that calcein could be
loaded into the cytoplasm of Gloeocapsopsis similarly to Anabaena. However, in
Gloeocapsopsis culture only a minority of cells was successfully loaded, most probably due
to the thick capsule of EPS. FRAP experiments conducted by bleaching one cell in a
calcein-loaded dyad or tetrad revealed slow intercellular exchange of calcein, even when
cell division appeared complete as judged from bright-field and chlorophyll fluorescence
images.

Representative examples of cell-to-cell communication in dyads and tetrads are

shown in Fig. 6 and Fig. S6. Calcein exchange was not detected in every case, and it occurs
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on a slow timescale of up to a few minutes, in contrast to the faster exchange described in
Anabaena (25).

Discussion

Our microscopical observations indicate that Gloeocapsopsis cells are not randomly
aggregated but are organized within an extracellular matrix exhibiting an onion-like
structure, with the outermost EPS layer surrounding all the cells. Moreover, during active
growth Gloeocapsopsis exhibit different cellular groups corresponding to phenotypic
transitions, including single cells, intermediate colonies and multicellular colonies with
more than four cells. Although neither cell-to-cell adhesions nor membrane contact
between cells were observed in any of the ultrathin cuts, this cyanobacterium showed an
intrinsic ability to form adhered clusters of cells (multicellular phenotypes) depending on
growth stage and/or environmental changes. When growth is limited, Gloeocapsopsis sp.
UTEX B3054 cells arrest in dyads, triads, or tetrads, while in active growth the organism
appears to cycle also through single-cell stages. Our results of microscopy and flow
cytometry support the notion that this cyanobacterium displays a facultative or transient
multicellularity that might be induced in response to environmental cues.

Recent genomic data have improved the resolution of the Cyanobacteria phylogeny
(10, 12, 37). Evolutionary studies suggest that some unicellular cyanobacteria evolved from
a multicellular ancestor, and our comparative genomic analyses unveiled several genomic
signatures likely involved in the loss of multicellularity leading to origin the Gloeocapsa-
like clade. Our results suggest that the organization of multicellular phenotypes observed in
Gloeocapsopsis sp. UTEX B3054 might be reflected at the genomic level. Gloeocapsa-like
cyanobacteria do not encode homologous genes of fraC and fraD, needed for the calcein
transfer pathway to be operative in Anabaena (27) by gating the septal junctions (26).
However, other genes associated to filament integrity in Anabaena such as frak and fraH
(27, 58, 59) were found in the genome of Gloeocapsopsis and its close relatives. Two cell
wall amidase genes amiC1 and amiC2 occurring in tandem in a preserved genomic context
due to a gene duplication event (60) seems to be an exclusive feature of Nostocales.
However, while the Gloeocapsa-like clade lacks amiC2, the genomic context is highly

conserved. Genetic studies have shown that amiC2 mutants in the Nostocales affect
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processing of septal peptidoglycan (the PG is fully split between neighboring cells in cell
groups), leading to less invaginated murein sacculus when comparing to wild-type cells
(35). The overall morphology of amiC2 mutant in the Nostocales described in Lehner et al.
(2011) is somewhat similar to Gloeocapsopsis wild type described in this work (Fig.1E). It
seems that this gene duplication was a key innovation associated to the emergence of
diazotrophic filament-forming multicellular cyanobacteria.

SepJ has been described as a crucial protein during the formation of the
multicellular septum in filamentous cyanobacteria (19-21, 25, 30, 61). Our phylogenetic
analyses and rooting of SepJ and DME-family permease show that these two homologues
likely arose by gene duplication in a common ancestor prior to the divergence of
Pseudanabaena. Within the SepJ clade, the branching of an early basal lineage of
Pseudanabaena-like SepJ is consistent with previous phylogenomic and trait evolution
studies showing that Pseudoanabaena filamentous forms evolve early on in Cyanobacteria
(1, 2, 10, 12, 13, 62). The topology of SepJ is consistent with previously published genome
phylogenies showing the Nostocales as the most recently derived group of filamentous
cyanobacteria (10). SepJ and DME-permease evolved near the root of Cyanobacteria. SepJ
variants are only found in filamentous forms, and they must be the result of a series of gain-
of-function mutations, by which the protein gradually acquired the coil-coiled and the
linker domain and therefore, new functions (19). The permease domain represents the
integral membrane section of the protein and has been demonstrated to be necessary for the
formation of the septum junctions between cells, to participate in the intercellular
communication, as well as to allow proper filament elongation in diazotrophic filamentous
cyanobacteria (19-21, 23, 25, 30, 56, 63, 64). Due to the absence of direct cell-to-cell
contact in Gloeocapsopsis as well as the lack of diazotrophic functions, we hypothesize that
DME-permease  participate in transport processes associated to intercellular
communication.

Our calcein-FRAP results confirm that Gloeocapsopsis cells carry out cell-to-cell
communication, previously considered a hallmark of differentiated multicellular
cyanobacteria (57). The results are consistent with a limited cell-to-cell communication
activity observed within Gloeocapsopsis dyads and tetrads. Such limited activity could

allow the intercellular diffusion of metabolites and signaling molecules, as it does in
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filamentous cyanobacteria. We further hypothesize that some of the traditionally classified
unicellular cyanobacteria encoding for DME-family permease might be able to carry out a
still unknown mechanism of cell-to-cell communication; this could be further tested with an
experimental approach.

We propose that Gloeocapsopsis is not a strictly unicellular cyanobacterium but a
facultative multicellular organism, a biological condition that might be ecologically
advantageous at some stages of their life cycle or under certain environmental conditions
such as desiccation. If cells were highly connected, the likelihood of a catastrophic drying
for the whole cell cluster would greatly increase. Therefore, a transient multicellularity with
low levels of cell-to-cell communication may be crucial providing a limited buffering of
water and solute concentrations among cells, which may contribute for allowing these
organisms to thrive in extreme conditions such as those found in the Atacama Desert.
Phenotypic transitions may have evolved for mitigating some stresses (i.e., nutrient or
water shortage). Further research using environmentally realistic changes in nutrients and

water availability will help to clarify this hypothesis.
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permease domain of septal protein SepJ differentially affect functions related to
multicellularity in the filamentous cyanobacterium Anabaena. Microb Cell 5:555—
565.
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Figure Legends

Figure 1. Morphology and general cellular features of Gloeocapsopsis sp. UTEX B3054.
(A) Periodic acid-Schiff stained cells of Gloeocapsopsis sp. UTEX B3054. PAS staining
reveals sugar presence in both the EPS and the intracellular space. Scale bar: 4.0 um. (B)
Blue autofluorescence in extracellular polymer substances of Gloeocapsopsis sp. UTEX
B3054. Scale bar: 3.5 um. (C) Transmission electron photomicrograph of a characteristic
tetrad during the exponential phase of growth. EPS envelopes surround cells and a laminar
sheath is clearly distinguished enclosing only two cells. The thylakoid network is localized
at the cytoplasmic periphery. Scale bar: 950 nm. (D) Detail of photomicrograph shown in
(C). The cell wall is constituted by: the cytoplasmic membrane (CM), peptidoglycan (Pg)
and the outer membrane (OM). Scale bar: 173 nm (E) Cell division. Cs indicates presence
of carboxysome. Black arrow points to the division ring. Scale bar: 600 nm. (F)
Transmission electron photomicrograph of a multicellular colony, whose cells are

maintained together by the outermost sheath. Scale bar: 1.2 um.

Figure 2. Effect of culturing media on Gloeocapsopsis’s phenotypes during growth.

Histograms of FSC (A, C, E) and red fluorescence (B, D, F) for Gloeocapsopsis sp. UTEX
B3054. Different nutritional conditions are indicated with different line types. Replete
BG11 (thick solid line); nitrate-deprived culture (dotted line); and phosphate-deprived
culture (dashed line). Note that in these and subsequent figures, a representative replica of
each different nutritional treatment is shown. The frequency distribution was normalized to
mode. Panels (A), (B) represent Gloeocapsopsis’s population distribution at early growth (3
days after inoculation; OD = 0.1); (C), (D) represent Gloeocapsopsis’s population
distribution at mid active growth phase (8 days after inoculation; OD = 0.5) and panels (E),
(F) represent Gloeocapsopsis’s population distribution at stationary growth phase (15 days

after inoculation).

Figure 3. Intermediate phenotypes change once reaching the active phase of growth.
Gloeocapsopsis sp. UTEX B3054 population experimented dynamic changes throughout
time. (A), (B) and (C) Early, active and stationary phase, respectively. The initial

intermediate phenotypic group splits into two main subgroups once in the active phase
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(shown with arrows in B). Note that in these and subsequent flow cytometry figures, only a

representative replica is shown. Beads are shown as reference.

Table 1. Multicellular related genes in cyanobacterial genomes

Figure 4. Gloeocapsopsis sp. UTEXB3054 and its relatives are naturally-occuring knock-
outs of amiC2.

Genomic organization of amiC1 and amiC2 in S.elongatus PCC6301, Nostoc sp. PCC7107,
Nostoc sp. PCC7524, Nostoc azzollae 0708, Fischerella sp. PCC 9605, Calothrix sp. PCC
6303, C.thermalis PCC7203, Gloeocapsa sp. PCC7428 and Gloeocapsopsis sp. UTEX
B3054. Genes shared are shown in color. amiC1 is conserved in all genomes, as well as a
glutamate racemase upstream, and a transnonpredyl dipshophate synthase and a
transglutaminase like putative cysteine protease downstream. In Nostocales, amiC2 was
gained likely by a gene duplication of amiC1. Gloeocapsa-like cyanobacteria lack amiC2 in
this genomic vicinity, preserving a glutamate racemase and a transnonapredy! diphosphate

synthase downstream.

Figure 5. Evolution of SepJ in Cyanobacteria.

The Bayesian phylogenetic tree shown was estimated based on 171 SepJ sequences.
Analyses were performed under the CAT-GTR+G model in Phylobayes MPI 1.7a (49). The
topology was simplified to show the main clades of both DME-family permease and long
sequences of SeplJ; the corresponding tree including posterior probabilities for branch

support is shown in Fig. S4, and taxa names are found in Table S5.

Figure 6. FRAP image sequence for a Gloeocapsopsis cell dyad loaded with Calcein-AM.

Top row: Bright-field image (grey-scale), chlorophyll fluorescence image (red) and merge
of bright-field and chlorophyll fluorescence with calcein fluorescence (green). Scale-bar: 5
microns. Remaining panels show calcein fluorescence before bleaching (pre-bleach), after
bleaching fluorescence in the left-hand cell (post-bleach) and then the same image with
brightness enhanced for ease of visualisation. Images are then shown at the subsequent

times indicated. Note that calcein fluorescence slowly equilibrates between the two cells.
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The plot shows fluorescence in the bleached cell relative to the unbleached cell, versus
time. The line is an exponential curve fitted to the data points. See Fig. S6 for a second

representative example.
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Multicellular septum formation

Other unknown gene exclusive of multicellular

sep) ali2320

Order Family Species (o) JOEJraC fd  fraamict amicz| (O al76s al1729 all2344 al0202 alags3| heth patU3  hetz

“Synechococcus elongatus PCC 6301 - - - N v - - - - -

Synechococcaceae
5 Synechococcus sp. CC9311 - - - - v - - - - - - -
Unicellular Synechococcales
Prochlorococcus marinus NATL2A - - - - ' - - - - - - -
Prochlococcaceae

088 - - - - - v | e

“Anabaena sp. PCC 7120 12 I

Nostoc azollae 0708 P O I

Nostocaceae  Nostoc punctiforme PCC 73102 P 2 B P

) Nostoc sp. PCC 7524 P B R P
:E"l'e’:"“::zs Nostocales Nostoc sp. PCC 7107 2 A 2 VA
¥ Calothrix sp. PCC7103 P A B P
At Calothrix sp. PCC6303 P A B P

uulariaceas  pischerella sp. Pccogos v v v oo v v v v v v v v v v

Fischerella sp. PCC9339 v v v v v v v\ v v v v v v v v

Gloeacapsopsis sp. UTEX 83054 7 7 - - 7 ¢ - & @ I - E—

EL'“:"'ml’ Chroococeales Chroococcacede ¢ eocapsa sp. PCC7428 v v 5 5 v v v oo B . B B B
" idiopsis thermalis PCC7203 7 ¢ - - g g -\lg g 7 - - |- - -
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S. elongatus PCC 6301

Nostoc sp. PCC 7107

Nostoc sp. PCC 7524
Nostoc azollae 0708
Fischerella sp. PCC 9605
Calothrix sp. PCC 6303
C. thermalis PCC 7203

Gloeocapsa sp. PCC 7428

amiC2

1111%

il

amiC2

amiC2

amiC2

fit

i

Gloeocapsopsis sp.
UTEX B3054
Na+/H+ Antiporter Cell wall amidase 1 Cell wall amidase 2
(COG0475) (COG0865) (COG0865)

Transnonapredyl diphosphate synthase . Conserved

(COG0142)

unknown protein

¥ S

Glutamate racemase ‘ Conserved
(COG0796) unknown protein

Transglutaminase like putative cysteine protease
(COG1305)
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