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Introduction

In 1952, Alan Turing presented a theoretical mechanism by which homogenous cells could be
transformed into patterns of differentiated cells owing to the action of two interacting regulators
with different diffusion rates.” The idea was refined by Gierer and Meinhardt** into the model
shown conceptually in Figure 1A, relying on the actions of a slowly-diffusing, autocatalytic
regulator (R) and a rapidly diffusing suppressor molecule (S). While the simplicity of the model
is appealing, until recently, there has been little evidence from multicellular eukaryotes to
support the theory.*

The most compelling biological case for the relevance of the model comes arguably from the
multicellular prokaryote, L&n&beana—Anabaeng PCC 7120, which differentiates specialized cells
at semi-regular intervals along its filaments (Figure 2). These cells, called heterocysts, provide
the conditions required for nitrogen-fixation in the presence of molecular oxygen.”® Anabeana
Anabaena PCC 7120 has been shown to synthesize two proteins, HetR and PatS, that seem to
possess the characteristics called for by Gierer and Meinhardt's R and S morphogens. In addition,
a third component, NtcA, ties the morphogenetic machinery to the nitrogen status of cells, as is
physiologically appropriate, and a fourth, HetN, serves as an S morphogen tailored to pattern
maintenance rather than creation. Recent models of heterocyst differentiation have expanded on
the ideas of Turing and Gierer and Meinhardt, acknowledging the non-diffusibility of HetR,
interactions amongst multiple actors, and their discrete concentrations in a series of cells.”® A
prevailing model of the regulation of heterocyst differentiation is summarized in Figure 1B and
fleshed out below.

The gene encoding HetR was identified as part of a hunt for mutants of Anrabeara-Anabaena
PCC 7120 unable to sustain heterocyst differentiation,* and the protein was soon found to have
the characteristics expected from an R morphogen. HetR appears to be a master regulator of
heterocyst differentiation. First, differentiation was abolished by a point mutation in HetR
(S179N) and a deletion or disruption of the gene.™*? Second, 3three-fold more heterocysts were
formed (including multiple contiguous heterocysts seldom seen in wild-type Anabaena) when
HetR was expressed from a multicopy plasmid,'* from a regulatable promoter,** or from a
mutant allelevariant of HetR, R223W.™ HetR is-required-foraffects the expression of hundreds of
genes, with heightened expression after nitrogen deprivation_and repression in nitrogen-replete
medium.™*® Expression of HetR is autocatalyic -- the protein is required for the increase in its
own synthesis after nitrogen deprivation'>**!” HetR acts as a DNA-binding protein,®**° in a
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tetramzeric state that is regulated by phosphorylation,® and is in a positive feedback loop with
NtcA.*

The characteristics of PatS protein is suggestive of its functioning as an S morphogen. PatS was
discovered from the ability of a small DNA fragment on a multicopy plasmid to inhibit
heterocyst differentiation in ArabeanaAnabaena PCC 7120.% Inhibition required the expression
of an 11- to 17-amino acid open reading frame (ORF), called patS. Strains lacking this ORF and
mutants with ORFs altered in one of the last five codons produced aberrant, though non-random,
spacing of heterocysts, including multiple contiguous heterocysts.?22*:2® Qverexpression of patS
reduces transcription from an inducible hetR promoter.”® Exogenous application of a
pentapeptide consisting of the last five amino acids of PatS (RGSGR) blocks heterocyst
differentiation?** and reduces the level of HetR protein.® This peptide also binds to HetR
protein, preventing its binding to DNA 18226 Maximal binding affinity is achieved by a six-
amino acid peptide ending in RGSGR, where the identity of the first amino acid is not
critical 2225%° With the finding that PatS expression is localized to developing cells?## and is
dependent upon HetR,*3*#* the matching of PatS characteristics to those of an S morphogen is
complete, with one exception: diffusion. Clever experiments have suggested the diffusion of
PatS-derived signals to adjacent cells,2%**#"28 pyt direct evidence for diffusion of any
morphogen in ArabeanraAnabaena PCC 7120 remains elusive.

A second putative S morphogen was recognized within the protein HetN, initially identified in a
similar fashion as PatS: (1) its presence on a multicopy plasmid suppressed heterocyst
differentiation in AnabeanaAnabaena PCC 7120, and (2) its interruption led to multiple
contiguous heterocysts.”**®  Although hetN encodes a protein similar to short chain
dehydrogenases (Pfam PF00106) and polyketide synthases (Pfam PF008659), most of the protein
could be deleted without affecting its ability to suppress heterocyst differentiation.®* However, an
RGSGR sequence found within HetN* proved to be essential for the protein’s effectiveness as a
suppressor.232%%33 HetN differs from PatS in two important respects. First, its expression starts at
a late stage of differentiation and persists in mature heterocysts (as opposed to induction at an
early stage and downregulation in mature heterocysts).***® Second, HetN is important in the
maintenance of the pattern of heterocysts but not its initial formation.3434*

The functions of HetR, PatS, and HetN in Anabaena PCC 7120, combined with the
Turing/Meinhardt model for pattern formation (Figure 1B), provide an appealing explanation for
the appearance of spaced heterocysts in response to nitrogen deprivation. However, there are
several observations that do not obviously square with this view. HetN-like proteins bearing the
RGSGR motif are found in only a small fraction of heterocyst-forming cyanobacteria.233*** ORFs
capable of producing a PatS-like protein were also reported to be absent in heterocyst-forming
Cylindrospermopsis raciborskii CS-505% and Anabaena 90.%” Finally, proteins antigenically
similar to HetR are found even in filamentous cyanobacteria that don’t make heterocysts,*
consistent with the presence in non-heterocyst-forming cyanobacteria of DNA that hybridized to
a hetR probe.* Cyanobacteria without the postulated machinery evidently produce spaced
heterocysts, and cyanobacteria with at least part of the machinery do not. These observations
prompted us to look systematically in cyanobacterial genomes for genes that may encode the
proteins that make up the machinery of the Turing/Meinhardt model.

Methods
Cyanobacterial genomes and genome analysis




127 cyanobacterial genomes, including plasmids, from all major groupings, were accessed
through BioBIKE.* 11 additional cyanobacterial genomes were also considered specifically with
regards to HetR and/or PatX. The origins and other characteristics of these genomes are shown in
Suppl. Table S1.

Phylogenetic trees

Organismal trees were built by analyzing concatenated alignments of 29 proteins found in all 127
cyanobacteria considered in this study. The names and coordinates of the orthologous proteins
for each organism are given in Suppl. Table S2. Most of the proteins were readily obtained by
the BioBIKE's ORTHOLOG-OF function, but in 16 cases (0.4% of the total number), a protein
was not found in an organism, either because it had not been annotated or the ORF was broken
by an apparent frame shift, either in Nature or in the sequencing and assembly of the genome. In
such cases (noted in Suppl. Table S2), the ORF was detected using TBlastN* via the
SEQUENCE-SIMILAR-TO function (protein vs translated DNA) and repaired digitally. 21
additional proteins (0.6% of the total number) had start codons apparently miscalled, truncating
the annotated protein relative to other orthologs. In these cases the gene sequence was extended
upstream to the presumably correct start codon matching those used by orthologs.

Alignments of each set of proteins (sets provided in Suppl. Table S3) were made through
Clustal W*" accessed within BioBIKE and concatenated using an ad hoc BioBIKE script. The
most informative columns were extracted using Gblocks,*> and the final tree was made by
PhyML 3.0,* with LG as the substitution model, NNI as the type of tree improvement, and 100
bootstraps. The tree was visualized and manipulated using FigTree 1.4.2.*

Individual protein trees were made in an analogous fashion.
Identification of members of protein families

Orthologous proteins were obtained through BioBIKE's ORTHOLOG-OF function, which
defines an ortholog by bidirectional best hit with a threshold of 10™%°. In other words, a protein A
in organism X is defined as orthologous to protein B in organism Y if B is the best Blast hit of A
against Y and A is the best Blast hit of B against X (E values < 10*%). Amino acid sequences of
HetR-like, HetN-like, NtcA-like sequences, and proteins encoded by genes typically flanking
patS and patX genes were found within BioBIKE by ORTHOLOG-OF and SEQUENCE-
SIMILAR (both protein vs protein and protein vs translated DNA). Identification was confirmed
by examination of protein alignments. RGSGR-containing proteins were identified by examining
the output of a BioBIKE expression that found all ORFs (whether annotated or not) containing
RG[SGT]GR. Candidates were excluded if they were encoded by ORFs that were out of frame
within conserved genes. Coordinates of genes encoding orthologous proteins of interest and the
exemplar proteins used to find the orthologs are shown in Suppl. Tables S4, S5, and S6.

Analysis of protein characteristics

Transmembrane domains were predicted with TMHMM 2.0 (TransMembrane-Hidden Markov
Model),**® a program that compares the sequence characteristics of a given protein to those of a
training set of 160 well studied membrane spanning regions of proteins from eukaryotes and
prokaryotes. The program employs hidden Markov models, which use the propensities of regions
of the training set to predict the likelihood that an amino acid follows a given amino acid string,
much like using the high incidence "t" after "ich" to predict that one is probably looking at



German text rather than English. The program reports membrane-spanning regions, but it is
easily fooled by signal sequences.

Putative signal sequences were identified using SignalP;**¢-.***° The program uses neural
networks built from one of three data sets to distinguish signal sequences from non-signal
sequences. Neural networks build decision-making processes from known exemplars. SignalP
employs data sets using known signal sequences from human proteins (representing eukaryotes),
from Bacillus subtilis (representing Gram-positive eubacteria), and from Escherichia coli
(representing Gram-negative eubacteria). The networks may be trained positively with proven
signal peptides and negatively with transmembrane sequences or trained only positively, relying
on the user to assert that the input sequences have no confounding transmembrane sequences.
The program also offers a strict threshold (default) and a permissive threshold (sensitive), or a
knowledgableknowledgeable user can specify any threshold. SignalP therefore offers 12 choices:
3 data sets x 2 training regimes x 2 levels of set sensitivity.

Cyanobacteria are cytologically Gram-negative, but they are phylogenetically no closer to E. coli
than to B. subtilis, so it is not obvious which neural network to choose. To address this question,
we took the sequences from 162 proteins from Synechocystis PCC 6803 whose true N-termini
had been determined,” 22 with apparent signal peptides and 140 whose N-terminus is the
methionine at the predicted translational start site or the amino acid next to it. Running these
proteins through the three neural networks of SignalP allowed us to assess the false positive and
false negative rates and in this way judge the best of the 12 choices for determining
cyanobacterial signal peptides. The Gram-positive data set (and, surprisingly, the eukaryotic data
set) outperformed the Gram-negative data set. The best condition was to use the Gram-
posistivepositive data set with no training on transmembrane regions and high sensitivity (5%
false negative and 1% false positive). We used this condition in predicting signal sequences ]but
also show results from the same data set trained on transmembrane regions .

Analysis of upstream DNA sequence motifs

Sequences upstream from candidate patX genes were collected with BioBIKE's SEQUENCES-
UPSTREAM-OF function. To search for DIF" motifs regions-upstream from candidate patS
genes, 1000 nucleotides upstream from the start site were scanned for sequences with no more
than one mismatch in TCCGGA using BioBIKE's MATCHES-OF-PATTERN function.

To distinguish biologically functional matches from spurious matches, the characteristics of the
DNA sequences surrounding the TCCGGA sites were compared to characteristics of a training
set, 54-nucleotide sequences containing TCCGGA sites preceding AnabeanaAnabaena
PCC 7120 genes known to be dependent on HetR (DIF+ genes)."® The training set was used to
construct a position-specific scoring matrix (PSSM), a lookup table giving the adjusted
probability of a given nucleotide at a given position in a set of aligned sequences. The
probabilities were adjusted by adding a constant number of counts (called pseudocounts) to all
nucleotides, to minimize the effect of low counts for a nucleotide owing to a small sample size.
BioBIKE's APPLY-PSSM-TO function was used to consider each 54-nucleotide segment within
an upstream region, calculating a joint probability for that segment based on the product of unit
probabilities from the PSSM and comparing that to a joint probability calculated from the
product of individual nucleotide frequencies within the training set. The ratio is expressed as a
logarithm, where a number close to 0 is expected if the sequence of a segment arose by chance.
Otherwise, a positive number is expected that increases in magnitude as the fragment increases
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in sequence similarity to the sequences of the training set. In calculating the probabilities, only
those positions were considered where the information in the training set exceeds 0.2. Other
PSSMs were constructed in an analogous fashion. Some PSSMs were constructed based on
training sets of variable length, owing to a gap of 17 or 18 nucleotides separating conserved
regions. In such cases, sequences were forced to the same length by deleting when appropriate a
nucleotide at the center of the gap region (after determining that this position has negligible
information content).

The information (a measure of order) at a certain position in an alignment is related to entropy (a
measure of disorder) and is defined as Enax — E, where E (entropy) is - p; log; pi summed over
all four nucleotides, pi is the frequency of a given nucleotide at the position, log, p; is taken to be
0 when pj is 0, and Emax is the maximum possible value of E. The maximum value occurs when
there is an even distribution of nucleotides, i.e. -X (1/4)log; (1/4) = 2. The maximum
information therefore is 2, occurring when p; for one nucleotide is 1 and for the other three, 0.
Information for alignments was calculated using the INFORMATION-OF function of BioBIKE.

The information of positions within an alignment was visualized using WebLogo.* Since the
number of amino acids differs from the number of nucleotides, the maximum information value
for amino acid sequences differs as well. That value is -X (1/20) log, (1/20) = 4.3. For both
nucleotide and amino acid logos, perfectly aligned positions may not have the maximum
information value, because the program applies a correction for small sample size when the
number of nucleotide sequences is less than 20 or amino acid sequences is less than 40.

Results
Phylogeny of cyanobacteria used in this study

In order to place the presence or absence of NtcA, HetR, PatS, and HetN in a logical context, we
developed a phylogenetic tree of the 127 cyanobacterial genomes used in this study (see Suppl.
Table S1 for description of the genomes). The tree is based on alignments of 29 proteins, a
subset of the 32 proteins used by Howard-Azzeh et al (2014).>® Trees based on 16S rRNA
sequences provide significantly less information on which to base a tree, and consequently there
are far fewer nodes with good bootstrap information than with trees based on many conserved
proteins.>* Not surprisingly, considering its basis, the tree is completely concordant with that of
Howard-Azzeh et al, with respect to the 100 genomes used by both groups and nodes enjoying
strong bootstrap support. It also concordant with three other trees based on different sets of
concatenated protein alignments.>****55%¢ Al of these trees differ in important respects from
that of Uyeda et al (2016),>" who attempted to avoid artifacts resulting from long branch
attraction. Their tree differs in the placement of the picocyanobacteria, Prochlorothrix
hollandica PCC 9006, branching heterocyst-forming cyanobacteria, and the Calothrix PCC 6303
and PCC 7103 pair. However, none of these differences in predicted phylogeny affect the
arguments we will present. The intermixing of branched and non-branched (Sections IV and V)
heterocyst-forming cyanobacteria is discussed later.

Fig. 3 shows one of many possible interpretations of the cyanobacterial phylogenetic tree. The
tree is rooted by Gloeobacter violaceus PCC 7421, owing to the early divergence of Gloeobacter
from the rest of the cyanobacterial lineage.®® If that rooting is accurate, then it is evident that
unicellularity is the original morphotype of cyanobacteria. Filamentous strains appear to have
arisen early and include in their number the coherent clade of heterocyst-forming cyanobacteria.



Whether filamentarity appeared once as shown in Fig. 3 or multiple times is an open question,
one that is discussed later.

Fig. 4 shows details of the phylogenetic tree, split between heterocyst-forming cyanobacteria
(Fig. 4A) and the rest (Fig. 4B), and also lists the genome abbreviations used in this work.

Appearance of HetR in cyanobacteria

Orthologs of HetR were found in almost all filamentous strains and in almost no unicellular
strains (Fig. 4). The filamentous exceptions are the Pseudanabaenas (Clade 8 in Figs. 3 and 4B)
and Geitlerinema PCC 7105. The absence of HetR in Geitlerinema PCC 7105 may be the result
of an incomplete sequence or mis-assembly of the genome. The gene order surrounding hetR
(Suppl. Fig. 1) is conserved in the two closest available genomes, those of Phormidium OSCR
and Phormidium BDU 130791. Several genes near hetR in the two Phormidia are completely
missing from Geitlerinema PCC 7105, including five ribosomal proteins presumably required for
life that are found in all other cyanobacterial genomes (except in one case where the gene cluster
is split between two contigs). We conclude that a segment containing these genes as well as hetR
is almost certainly present in Geitlerinema PCC 7105 but missing from its available genome
assembly.

The only phenotypically unicellular strains possessing a HetR ortholog are Synechococcus
PCC 7002 and Synechococcus PCC 7335. Synechococcus PCC 7002 is closely related to
Leptolyngbya PCC 7376, a filamentous strain. It was formerly called Agmenellum
quadruplicatum PR6 because of its propensity to grow as four-cell filaments, and a variant has
been found that forms long filaments at 24°C (Don Bryant, personal communication).
Synechococcus PCC 7335 lies phylogenetically within a clade otherwise consisting of
filamentous cyanobacteria (Fig. 4B) and is most closely related to Leptolyngbya Heron Island J.
HetR may therefore be a holdover from a time in the recent evolutionary past when the ancestors
of these two strains were filamentous.

The tight association of HetR with filamentous strains raises the possibility that the protein may
be important in the filamentous life style (at least in the clade that excludes the Pseudanabaena).
If so, then one might expect the phylogeny of the HetR protein to match the organismal
phylogeny, if filamentarity arose only once, but not if multicellularity arose several times. In
fact, though the HetR phylogenetic tree (Suppl. Fig. 2) lacks sufficient bootstrap support to be
definitive, it matches the phylogenetic tree as well as can be expected. In particular, HetR from
Clade 1A (Figs. 3 and 4A), containing all the heterocyst-forming cyanobacteria, appear to have a
common ancestor. HetR from Synechococcus PCC 7002, Leptolyngbya PCC 7376, and Spirulina
subsalsa PCC 9445, all in Clade 2 (Figs. 3 and 4B), form a coherent group distinct from other
HetR proteins., all with bootstrap support and consistent with the phylogenetic tree. It is also
worth noting that there are seven organisms represented in Suppl. Fig. 2 with more than one
apparent copy of HetR. In each case, there is one copy of HetR (termed "primary™) that has a
typical amino acid sequence (see below), while the other copies (termed "secondary") have less
conserved sequences and cluster together (Suppl. Fig 2).

While the evolutionary connection of all the HetR sequences is beyond dispute, it is an open
question as to whether the HetR proteins in the phenotypically unicellular strains and the
secondary HetR proteins have the same function as primary HetR proteins in the filamentous
strains or indeed any function at all. To address this question, all available HetR sequences were
aligned (Fig. 5 and Suppl Fig. 3). There is overwhelming amino acid sequence conservation in



the 75 primary HetR proteins from filamentous cyanobacteria (including heterocyst-forming). Of
the 299 amino acid positions (allowing for frayed N- and C-termini), 172 (the green columns) are
highly conserved as defined in Fig. 5. Of this latter group, 23 residues have been implicated in
DNA- g%) or PatS- bmdmg (4), from analyses of crystal structures®®®®? and in vitro
assays282625608057,616158,626259,6 and in  vivo  phenotypes  of site-specific
mutants, 114 181817616158.626259.636360.6465 Oy four primary HetR sequences in filamentous
cyanobacteria have mutations in any residue implicated in DNA- or PatS-binding, and three of

the mutations are conservative.

The two phenotypically unicellular strains present a different picture. To avoid observation bias
(there are far more available sequences of Nostocs and Anabaenas than sequences
phylogenetically close to the unicellular strains), we compared each of the two strains to its
closest relative: Synechococcus PCC 7335 to Leptolyngbya Heron Island J and Synechococcus
PCC 7002 to Leptolyngbya PCC 7376 (Table 1). Synechococcus PCC 7335 has more than four-
times the number of mutations in conserved positions as does Leptolyngbya PCC Heron Island J,
and 24% are non-conservative substitutions, compared to 0% for Leptolyngbya PCC Heron
Island J. With the more distant Synechococcus PCC 7002 / Leptolyngbya PCC 7376 pair, the
former has 2.6-times more mutations than the latter and 62% non-conservative substitutions,
compared to 42% for Leptolyngbya PCC 7376. HetR's from the unicellular strains are evidently
under lesser or different selection than those from the related filamentous strains. Similarly,
secondary HetR's have a much higher number of deviations and non-conservative deviations
than their primary counterparts (Table 1 and data not shown).

If the high number of deviations in unicellular and secondary HetR's were due to drift in the
absence of selection, then one would expect to find deviations spread randomly across the
functional categories, but this is not observed (Table 1). In both cases, the amino acids
implicated in DNA-binding are significantly less likely to deviate from the standard residue. Two
secondary HetR's, HetR) epsaos-b and HetR) ynia10s1.6, have the number of deviations expected by

chance, but the other secondary HetR's have far fewer (data not shown). In contrast, the HetR's
from unicellular cyanobacteria are significantly more likely to experience deviations in residues
associated with PatS-binding. In addition, HetR from Synechococcus PCC 7002 also carries an
R223A mutation, in a residue implicated in the phenotypic sensitivity of HetR to PatS_and
HetN. Evidently, mutation is not random in secondary HetR's and those in unicellular
cyanobacteria, indicating maintained selective pressure during at least part of the period since
separating from their primary filamentous homologues, presumably owing to retained DNA-
binding function.

Appearance of HetN and PatS in cyanobacteria

If HetN is defined as a protein (a) similar in sequence to HetN of AnrabearaAnabaena PCC 7120
and (b) possessing RGSGR, then its incidence is limited to AnrabearaAnabaena PCC 7120 and
its three closest relatives (Fig. 4A), plus two distantly related unicellular cyanobacteria (Fig. 4B).
In addition, two strains of Chlorogloeopsis carry a HetN-like protein with the sequence
ERGSGH, one off from the conventional motif (Fig.4A and Suppl. Fig. 4). There is good reason
to doubt the significance of these proteins in heterocyst regulation, as a mutation of the
AnabeanaAnabaena PCC 7120 HetN motif from RGSGR to RGSGK results in loss of function
in AnabeanaAnabaena PCC 7120.32%° A phylogenetic analysis of HetN-like proteins (Suppl.
Fig. 4) shows a well-supported cluster of AnabeanraAnabaena PCC 7120 HetN and its three
relatives, lying distinct from a second well supported cluster that includes the two
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Chlorogloeopsis HetN candidates. The two unicellular HetN candidates lie in a distant cluster
(not shown).

It is much more difficult to identify putative PatS proteins. Only three genomes amongst the 127
genomes considered in this work have had patS genes annotated within them:
AnabeanaAnabaena PCC 7120,%%2** Nostoc punctiforme ATCC 29133,%° and Nodularia
spumigena CCY9414.5” Two other genomes, Leptolyngbya NIES 3755 and Arthrospira
PCC 8005, have genes misannotated as patS. The lack of annotated patS genes is to be expected,
since most automated gene-calling processes exclude ORFs of the size of patS. Scanning
genomes for ORFs containing RGSGR is also unsatisfactory, as the rate of false positives is far
too high. The genomes considered in this study average 11.1 RGSGR-containing ORFs, of which
82% are in called genes (80% of these are in the wrong reading frame). The high-GC genome of
Cyanobium gracile PCC 6307 provides an extreme example: it has 68 RGSGR-containing ORFs.
It is highly unlikely that any of them have regulatory function in this unicellular organism. To
identify true orthologs of PatS, we therefore also considered genetic context.

The patS gene from AnabeanaAnabaena PCC 7120 (asl2301) is preceded by two genes (all2302
and all2303) encoding proteins annotated as patatin and dihydroorotase, respectively. On the
downstream side is a gene (alr2300) annotated as hetY, encoding a protein described as
necessary for timely heterocyst differentiation.®® We found 26 genomes, all from heterocyst-
forming cyanobacteria, with a short RGSGR-containing ORF situated near at least one of the
typical upstream or downstream genes (Fig. 6). All but one of the encoded RGSGR motifs are
preceded by a glutamate (E) residue. From the sequence characteristics of these 26 putative PatS
proteins, four other candidate PatS proteins were identified, all in genomes of heterocyst-forming
cyanobacteria. One, from Hapalosiphon MRB220, is so similar in sequence to the putative PatS,
from Fischerella PCC 9339, that it was added to the list. The remaining three were tagged as
possible PatS instances but suspicious (Fig. 6).

PatS from AnabeanaAnabaena PCC 7120 terminates in RGSGR, but this is true for only 18 of
the 30 identified PatS proteins. In the case of three related cyanobacteria, the PatS sequence
extends 69 amino acids beyond RGSGR. In the remaining nine cases, the RGSGR appears
shortly before the end of the protein. In all but one case, PatS from Rivularia PCC 7116, the
RGSGR motif lies within nine amino acids from the putative N-terminus.

All intergenic regions of all cyanobacterial genomes were searched for ORFs with ERGSGR
motifs. Only 11 new instances were found, 9 of which were in genomes of heterocyst-forming
cyanobacteria. They fall into four families (Suppl. Fig. 5). One family, consisting of three
Fischerella and a related strain, all have similar ORFs with ERGSGR preceded by two amino
acids. A family of two related Scytonemas and Tolypothrix strains plus a distantly related
Cylindrospermum strain have more conventional looking PatS candidates, as does an ORF from
Rivularia. The only two alternative candidates from non-heterocyst-forming strains have
sequences quite dissimilar to the rest. ORFs from both Leptolyngbya PCC 6406 and Oscillatoria
PCC 10802 have ERGSGR motifs embedded within ORFs with large N-terminal and C-terminal
extensions. These ORFs were not considered any further.

All 39 of the cyanobacteria in Clade 1A (all the heterocyst-forming cyanobacteria) have a PatS-
candidate protein, with the following exceptions. The eight cyanobacteria most closely related to
Anabaena cylindrica PCC 7122 lack a candidate, as does Scytonema tolypothrichoides
VB61278, unless one counts the candidate shown in Suppl. Fig. 5. The latter genome is unusual



in that it has 788,708 nt that are given as ambiguous (8% of the total), most of them in
contiguous chunks. This is more than any of the other 126 genomes we considered. It is possible
that a PatS-like peptide is encoded in a region missing from the assembly. The patS genes of the
two closest relatives of Scytonema tolypothrichoides VB61278, Mastigocladopsus repens
PCC 10914 and Tolypothrix campylonemoides VB511288, are both flanked by genes encoding
dihydroorotase and HetY. However, in the available genome assembly of Scytonema
tolypothrichoides VB61278, these two genes are distant from one another.

Appearance of PatX in cyanobacteria

The absence of both HetN and PatS in the Anabaena cylindrica PCC 7122 clade despite normal
heterocyst spacing could be explained if these genomes possess a third RGSGR-containing
protein. We could identify only one protein containing RGSGR that can be found in the genomes
of multiple cyanobacteria, including members of the Anabaena cylindrica PCC 7122 clade. That
protein, termed PatX, is poorly conserved in overall sequence, and so we turned again to genetic
context to guide discovery of other members of the family.

Genes encoding RG[ST]GR-bearing proteins were found in the genomes of 37 heterocyst-
forming cyanobacteria (Fig. 7A), near at least one of six linked genes that include three known to
be related to heterocyst differentiation or function: hetR, sepJ (also known as fraG, encoding a
protein required for filament integrity under N-fixing conditions®), and gInA (encoding
glutamine synthetase,’® which catalyzes the first step in the assimilation of fixed nitrogen™). In
AnabeanaAnabaena PCC 7120, these genes are alr2339, all2338, and alr2328, respectively.
Immediately upstream of the gene is a gene encoding a protein that is highly conserved in
Groups 1-6 and that may be an FAD-dependent oxidoreductase (All2333 in AnrabeanaAnabaena
PCC 7120). Amongst the 37 proteins are the two postulated by Stucken et al (2010) to substitute
for PatS3%*** and another misidentified as PatS.%%**** Antonaru and Niirnberg recently recognized
proteins they called alternative PatS that share the characteristics of PatX.”> All heterocyst-
forming strains have patX genes in the proper genetic context (Fig. 7A), except for Richelia
intracellularis HHO1, which has a plausible patX gene but disconnected from the usual flanking
genes, and the two Chlorogloeopsis strains which lack any sign of patX. The sequence of PatX in
AnabeanaAnabaena PCC 7120 and its two closest relatives carry an RGTGR motif. All the
others carry RGSGR. It is not clear whether an RGTGR motif would be effective in regulating
HetR. Mutating the central S to A reduced the activity of HetNErrortBookmark not defined3330 o4
abolished the activity of PatS,22*® but perhaps a mutation to T would have less effect.

From this collection of proteins, certain structural generalities stand out (Fig. 7A and Fig. 8B)
and may be contrasted with those of PatS (Fig. 6 and Fig. 8A). First, of course, the proteins
possess the RGSGR motif, except those carrying RGTGR instead. The motif lies close to the
C-terminus of the protein and is usually preceded by a H or Y (heterocyst-forming strains) or H,
E, or D (non-heterocyst-forming strains) and followed by R. The motif is often preceded by a
proline-rich region. The N-termini are rich in hydrophobic residues, and all filamentous
organisms except Microcoleus PCC 7113 have at least one candidate PatX protein with a signal
peptide identified by SignalP. The N-terminus exhibits a striking pattern, PXxXPPxxxPPxxx,
where P is a polar residue, S, T, or G, and x is any hydrophobic residue. This motif is found in
proteins with one transmembrane domain that form homodimeric complexes.” Only Richelia
intracellularis HHO1 amongst the heterocyst formers lacks a candidate PatX protein with a motif
of this sort. However, there is no good evidence that the region forms a transmembrane domain.




TMHMM predicts such regions in 18% of the PatX sequences, but the program is often confused
by signal sequences.*>****

PatX is equally well represented in the genomes of filamentous strains that don’t make
heterocysts, identifying genes by the presence of RG[SGT]GR and their proximity to hetR and/or
an all2333 ortholog (Fig. 7B). By this definition, all filamentous strains have PatX, with the
exception of Oscillatoria PCC 6304 and Spirulina subsalsa PCC 9445. These two strains have
ORFs that have many characteristics of PatX but are not near either of the signature genes. The
PatX candidates from non-heterocyst-forming strains also have an N-termini identified by
SignalP as signal sequences, but the PxxxPPxxxPPxxx motif is absent, and prolines are less
prominent in the region preceding the RGSGR motif. The amino acids immediately preceding
and following the RGSGR motif in general follow the tendencies of those in PatX sequences
from heterocyst-forming strains (Fig. 8B and 8C).

The PatX sequences of the four Planktothrix strains carry RGGGR motifs. However, the same
strains have PatX-like genes that in all respects except genetic context better fit the
characteristics of PatX genes found in heterocyst-forming strains: a similar pattern of polar
residues, MR...PPxxxPPxxxPxx, at the N terminus, and an H residue preceding an RGSGR
motif. Five of the thirty PatX sequences from non-heterocyst forming strains have one to three
extra RGSGR motifs at spaced intervals, far more than one would expect by chance.

Only one unicellular strain, Synechococcus PCC 7335, has an identifiable PatX ORF. RGSGR-
containing ORFs were not found outside of conserved genes in Synechococcus PCC 7002 ]nor in
four close relatives with completely sequenced genomes} (Suppl. Table S1).

Sequences upstream from PatS and PatX genes

We report elsewhere (Khudyakov and Gladkov, submitted) that the expression of patXanazizo,
like that of patSanarizo, is induced by nitrogen deprivation and its expression is confined to
differentiating cells. This finding prompted an examination of the sequences upstream from these
genes, to consider whether shared elements might serve as the basis for their common regulation.
Mitschke et al (2011) reported two transcriptional start sites upstream from EatSAnamo, one at -
-580 that is induced by nitrogen deprivation and another at -692 that is not™ (these differ from
the two 5' ends reported earlier®%). The inducible start site is preceded by a consensus DIF*

motif (TCCGGA),* beginning at -35 (Suppl. Fig. 6).

In order to learn what characteristics to look for in a functional |DH—metifDIF" motif, we turned
to a collection of such motifs (with no more than one mismatch) that has been shown to precede
58 inducible genes in ArabeanraAnabaena PCC 7120, beginning 33 to 38 nucleotides before the
transcriptional start site or (three outliers) beginning at -43 or -44.® Considering just the 55
regions of the secend-first group, the DHFmetifDIF" motif is followed 17 or 18 nucleotides
downstream by a less conserved motif (G[TAJANA] around 10 nucleotides before the
transcriptional start site (Suppl. Fig. 6 and Fig. 9D). One might surmise from previous
studies™ " that BH—metifDIF" motifs are followed by classical -10 regions recognized by SigA
(consensus TATAAT), however the similarity of the -10 region to TATAAT is low, with a
median score (L2(-10) in Suppl. Fig. 6) of 0.55 compared to a median score of 4.30 over all
Anabaena transcriptional sites.” Since the scale is based on logy, the two median scores differ by
a factor of 13. There is no obvious correlation between on one hand either the -10 scores, the
quality of the BH-sequenceDIF" motif, or the similarity of the -10 region to G[TAJANA and on
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the other hand the number of transcripts at 8h after N-deprivation (8hRds) or degree of induction
(L»(8h/0h)).

The 55 promoter regions with DIF" motifs—regions were used as a training set to construct a
position specific scoring matrix (see Methods) to identify possible DIF*-motif-containing
regions (DIF" regions) in sequences upstream from patS and patX, those better predicted by the
sequence characteristics of the training set than by the overall nucleotide frequencies of the B~
regienstraining set. This strategy led to the identification of candidate regions (with a log;o odds
score better than 4) in 15 of the 30 putative patS genes (Suppl. Fig. 7). Using these 15 regions as
the training set led to the discovery of an additional putative DIF* region. Regions identified in
this manner clustered consistent with the phylogenetic relationships shown in Fig. 4. In all cases,
the DH—motifDIF" motif lies in an intergenic region contiguous with the beginning of the
putative patS gene. 88% of the regions carry exact matches to the TCCGGA motif. In contrast,
only 26% of Mitschke et al's set have exact matches. The consensus -10 region of the putative
DIF" region upstream of patS genes is similar to that of the training set of DIF* regions (compare
Fig. 9A with 9D): GTAGAGA vs G[TAJANA.

It must be stressed that the mere presence of a DIF* region-motif defined as no more than one
nucleotide off from TCCGGA is not significant without additional sequence or positional
information. Such sequences are found by actual count on average once every 106 to 218 nt over
the range of heterocyst-forming cyanobacteria.

The same training set of 55 DIF* regions was used to identify putative DIF" regions upstream
from patX genes. Candidate regions with good scores were found upstream from patX genes in
all 37 of the heterocyst-forming cyanobacteria that have patX (Suppl. Fig. 8A). All BiF
seguenceDIF" motifs were positioned 57nt upstream from the translational start site (except for
one case where it is 58nt), and all were perfect TCCGGA sequences. The regions had a large
number of conserved sequences (Fig. 9B), including a conserved -10 region (always 18 nt from
DIF), GTANnAG, preceded by a conserved A.

Similarly, each of the 28 non-heterocyst-forming cyanobacteria showed plausible Bi=
sequenceDIF" regions close to the translational start site of patX (Suppl. Fig. 8B). Although
there are far fewer well conserved positions in the upstream sequences (to be expected, given the
greater phylogenetic range of this cyanobacterial grouping — see Fig. 4), there is a conserved
cluster of nucleotides near the -10 position, very similar to those of heterocyst-forming
cyanobacteria (Fig. 9C). In the seven cases where cyanobacteria have two copies of patX, six
bear DIF" regions with the same characteristics as those of other non-heterocyst-forming
cyanobacteria. The seventh case, ProH9006-a, may have a degenerate form. The patX genes of
two strains of Lyngbya have two DIF" regiens—motifs one after the other preceding the
translational start site. Considering all 37 BlF—sequenceDIF™ motifs, only 11% have perfect
TCCGGA sequences, while 65% have TCCTGA, spread over the full range of non-heterocyst-
forming strains. The patX gene of Synechococcus PCC 7335, the only unicellular strains
possessing one, is preceded by a respectable DIF" region.

A striking feature of sequences upstream from patX genes is the presence of NtcA-binding sites
(GTANGTAC)™ in 33 of 37 heterocyst-forming cyanobacteria, always 13-16nt from the DiF
seguenceDIF" motif (Suppl. Fig. 8A). The site preceding patX from AnrabeanaAnabaena

PCC 7120 has been shown experimentally to bind NtcA.””*° No such sites are found upstream
from the BH-siteDIF ™ motifs of non-heterocyst-forming cyanobacteria nor from those upstream



from patS genes in heterocyst-forming strains (Suppl. Figs. 7 and 8B). Only two genes of the 57
in Mitschke et al's set of DIF*-bearing genes have DiF-siteDIF" motifs preceded by NtcA-
binding sites (15nt before the BH-siteDIF" motif of all0935 and 22nt before the DHF-siteDIF”
motif of asr1775).

Discussion

The Turing/Meinhardt model, expanded by later models,” calls for an R morphogen that causes
developmental action and for a diffusible S morphogen that inhibits it. HetR and PatS, modulated
by the actions of NtcA and HetN, may be a realization of this model, leading to the appearance
of spaced heterocysts in ArabeanaAnabaena PCC 7120. In many other cyanobacteria, however,
these actors are insufficient to explain patterned differentiation. PatS is not present in a clade
containing many heterocyst-forming cyanobacteria, including khe—medel—ergamsm—Anabaena
cylindrica PCC 7122\. HetN is absent from most heterocyst formers, confined to only close
relatives of AnabeanraAnabaena PCC 7120. Their regulatory burden may be taken up by a third
protein, PatX, one that like PatS and HetN carries the RGSGR motif but is almost universally
distributed amongst cyanobacteria possessing HetR. PatX is therefore likely to be the original
counterweight to HetR in a Turing/Meinhardt-like regulatory system, partially supplanted in
relatively recent times by PatS in most heterocyst forming strains and by HetN in a small subset.
A biological role for PatX has been shown experimentally in AnrabeanaAnabaena PCC 7120
(Khudyakov and Gladkov, submitted).

A significant problem in assessing the prevalence of PatS and PatX is that they cannot be
recognized reliably by the usual automated methods applied to genomes. PatS poses a formidable
challenge for automated methods because of its small size (median size 13 amino acids, Fig. 6).
As a result, while patS genes used to be annotated in the two genomes found at NCBI with
physiological evidence for the function of PatS (ArabeanaAnabaena PCC 7120 and |Nostoc
punctiforme LATCC 29133) plus one more (Nodularia spumigena CCY9414) without such
evidence, reannotation efforts by NCBI® that paid no heed to published results have discarded
these annotations. The genes can be recognized, however, by the presence of an encoded
RGSGR motif in a standard genetic context (Fig. 6) as discussed above.

Genes encoding PatX generally appear in recently annotated genomes, but the low level of
sequence conservation does not permit associating them with orthologous genes. They are
readily determined by genetic context and sequence characteristics: a generally C-terminal
RGSGR motif, an N-terminal region, either membrane-spanning or a signal sequence, and both
separated by a spacer region generally rich in prolines (Fig. 7). We imagine that the protein
might be transported out of the heterocyst and acted on by a peptidase or tethered to the
membrane and digested near the site of transport out of the cell. The proline-rich region might
maintain PatX in a disordered structure to ensure that the RGSGR region is available to a
peptidase.

Both patS and patX genes are preceded by conserved upstream regions with the following
characteristics (Fig. 9 and Suppl. Figs. 7-8). Both have BI—metifDIF" motifs (exact TCCGGA
in the case of heterocyst-forming organisms, TCC[GT]GA in the case of non-heterocyst-forming
organisms) at a position that is probably -35 to the transcriptional start site. At the -10 position
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there is another conserved motif: GTAGAGA (patS) or GTANNAG (patX). In the case of patX in
heterocyst-forming cyanobacteria, the DH=metifDIF" motif is preceded by an NtcA-binding site.
[Transcription from the patX promoter in AnabeanaAnabaena PCC 7120 felews—the—same
contoursresponds to nitrogen deprivation in the same way as transcription from the patS
promoter, but the latter is an order of magnitude lower.'® However, the level of transcription of

the two genes is comparable. 2%

Having defined PatS and PatX in this way, we can educe the following generalities. Most
importantly, PatX and HetR are present together in almost all filamentous cyanobacteria except
for the distantly related Pseudoanabaena (where both are lacking) and absent in almost all
unicellular cyanobacteria (Fig. 4). HetR from the two exceptional unicellular cyanobacteria,
Synechococcus PCC 7002 and Synechococcus PCC 7335, both are atypical, with many
differences relative to closely related filamentous strains and defects in conserved residues
associated with the binding of RGSGR (Fig. 5).

These atypical HetR proteins may be nonfunctional (in a state of decay), may retain HetR-like
function, or may have transitioned to a function different from canonical HetR. The latter is most
likely, as an analysis of mutations indicates continued selection for binding to DNA but not to
PatS (Fig. 5 and Table 1). For similar reasons, secondary HetR, though clearly deviant from
canonical HetR protein, probably retains function as transcriptional regulatory proteins, perhaps
supplementing HetR or perhaps serving some other purpose._It should be noted that all of the
organisms bearing secondary HetR proteins, except Prochlorothrix hollandica PCC 9006, are
closely related to one another. That and the clustering of secondary HetR proteins (Suppl. Fig. 2)
is consistent with one or perhaps two acquisitions of the alternative form.

The exceptional filamentous strains (Fig. 7) include two strains of Chlorogloepsis that lack PatX
and three strains of Anabaena that have versions of PatX carrying RGTGR instead of RGSGR.
These five strains are amongst the six cyanobacteria that carry HetN (if the HetN-like proteins of
the Chlorogloeopsis strains are functional). Perhaps HetN partially substitutes for the function of
PatX in these strains. It is also possible that Chlorogloeopsis strains need no He%N nor PatX at
full strength to control HetR, since they are rarely in a filamentous state.>**%""! dTh ,,,,, e is one
more filamentous strain, Crinalium epipsammum PCC 9333, whose PatX protein has RGTGR in
place of RGSGR and four closely related strains of Planktothrix with a motif of RGGGR. In the
latter cases, the strains also possess a second gene similar in sequence characteristics and
upstream sequence to conventional PatX (Suppl. Fig. 8B) but in non-standard genetic contexts.
In short, except in the case of Crinalium epipsammum PCC 9333, all filamentous cyanobacteria
that lack PatX or have nonstandard PatX possess a protein that may conceivably compensate for
the defect.

From these considerations, it is possible to propose a plausible sequence of evolutionary events
that led to the cyanobacteria present today (Fig. 4). Filamentarity arose from a primordial
unicellular state, and not long after the divergence of the Pseudoanabaena, HetR and PatX
entered the lineage, conferring some advantage to filamentous cyanobacteria (the juxtaposition
of the two genes in most filamentous strains may reflect a primordial genetic linkage). Perhaps
they direct ordered rupturing of filaments (Khudyakov and Gladkov, submitted) to ensure that
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propagules that break off from the mass maintain the advantages of filamentarity. The innovation
of expensive but oxygen-resistant nitrogen fixation in heterocysts was enabled by tying the
expression of HetR/PatX to nitrogen availability (through NtcA) on one hand and on the other
hand to the regulation of heterocyst-related genes. The appearance of PatS made possible a
greater degree of control, but the protein was lost in the common ancestor of the clade that
includes Anabaena cylindrica PCC 7122. In the common ancestor of Nostoc PCC 7524,
AnabeanaAnabaena PCC 7120, and its two closest relatives, an allele of a short-chain
dehydrogenase/reductase appeared that had gained RGSGR within its sequence, resulting in a
protein designated HetN. Subsequently, the RGSGR motif in PatX carried by the common
ancestor of three of these strains mutated to RGTGR, leading possibly to diminished function of
the protein. ]If one considers only the required elements of HetN333*? _ jts membrane associated
N-terminus and its RGSGR motif — it looks very much like PatX and might well substitute for it
(but see an alternate view of Higa et al (2012).2

In passing, we might note that Mastigocladopsuis repens PCC 10914, placed within Section V
(true-branching heterocyst-forming) in classical cyanobacterial taxonomy,>***¢ clusters with
Section IV cyanobacteria (linear heterocyst-forming) in the tree shown in Fig. 4, i.e. with
Tolypothrix and Scytonema strains rather than with Fischerella and Hapalosiphon strains. This
tree is concordant with earlier trees based on fewer genomes, used (wrongly, we believe) to
support the monophyletic origin of Section V.2#3#+38%6%8 The polyphyletic nature is seen also in

the 16S rDNA-based tree from an extended set of strains.”

L]ust as true-branching is polyphyletic, so is filamentarity, having been lost several times, every
time with the concomitant loss of HetR and PatX or, in the cases of Synechococcus PCC 7002
and Synechococcus PCC 7335, the degradation (or repurposing) of HetR.\ (Needless to say, this
does not imply that HetR and PatX are required for filamentarity -- clearly not the case in
Anabaena PCC 7120 (Ref 11 and Khudyakov and Gladkov, submitted)). Fig. 4 interprets events
as having a single acquisition of filamentarity, HetR, and PatX and multiple losses. It is more
parsimonious to envision multiple acquisitions of filamentarity (and HetR and PatX), as others
have suggested,>****® but if acquisition of filamentarity is more difficult than its loss, then simple

/N A

parsimony may be a poor guide. The test is whether proteins such as HetR that are associated

with filamentarity appear to have arisen in Synechococcus PCC 7002 and Synechococcus
PCC 7335 by descent from a filamentous ancestor or by horizontal gene transfer. In the case of
Synechococcus PCC 7335, the answer is clear from the phylogenetic tree of HetR (Suppl. Fig. 2)
in favor of descent, but the evidence is only suggestive, not definitive, in the case of
Synechococcus PCC 7002. An examination of other proteins associated with filamentarity might
tip the scales. We found one protein, Alr4863, with orthologs in all filamentous strains except
RicHH1 and orthologs in no unicellular strains, except Synechococcus PCC 7002,
Synechococcus PCC 7335, and Chamaesiphon minutus PCC 6605 (Sha6665;-another unicellular
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strain with a close filamentous relative). The phylogenetic tree of this protein is nearly
superimposable upon the organismal tree (Fig. 4), after erasing the unicellular strains except
Synechococcus PCC 7002, Synechococcus PCC 7335, and Chamaesiphon minutus PCC 6605
Chab605 (result not shown), compatible with the lineal descent of filamentarity.




Summary

Our view of the regulation of heterocyst differentiation has been colored by the peculiarities of a
single, atypical strain, Anabaena PCC 7120. While AnabeanraAnabaena PCC 7120 possesses
regulatory elements (HetR, PatS, and HetN) that fit well with a Turing/Meinhardt model of
patterned differentiation, other heterocyst-forming cyanobacteria possess different elements
(HetR, PatX, and maybe PatS), though the patterns of heterocysts in many of these are
indistinguishible from those of AnrabeanraAnabaena PCC 7120. Two of the elements, HetR and
PatX, appear to be primordial, as they exist together in practically Lalmosd all filamentous strains.
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