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SUMMARY

Bacteria sometimes hedge their survival bets by concurrently activating response
circuits leading to different phenotypes in isogenic populations. We show that
the cyanobacterium Nostoc punctiforme responds to UV-A by concurrently pro-
ducing the sunscreen scytonemin and differentiating into motile hormogonia
but segregating the responses at the filament level. Mutational studies show
that a four-gene partner-switching regulatory system (hcyA-D) orchestrates the
cross-talk between the respective regulatory circuitries. Transcription of hormo-
gonium genes and hcyA-D is upregulated by UVA through the scytonemin two-
component regulator (scyTCR), hcyA-D being directly involved in signal transduc-
tion into the hormogonium response and its modulation by visible light. The
sigma factor cascade that regulates developmental commitment to hormogonia
also upregulates hcyA-D transcription and strongly suppresses scytonemin syn-
thesis through downregulation of the scyTCR itself. Through this complex bidirec-
tional mechanism, Nostoc can concurrently deploy two fundamentally different
UV stressmitigation strategies, either hunker down or flee, in a single population.

INTRODUCTION

Organisms in nature are subject to a wide range of often concurrent environmental stressors, and in

response, adaptive strategies for sensing and responding to these environmental challenges have evolved

at both the molecular and cellular levels. The classical paradigm of environmental stress response in bac-

teria consists of a molecular circuit that modulates cellular activity by exerting transcriptional, post-tran-

scriptional, or post-translational control over processes relevant to the environmental stimulus (Gao and

Stock, 2009; Magasanik, 1961). This model implies a one-to-one relationship between stress factor and

stress response. In reality, even genetically identical populations of bacteria can exhibit phenotypic hetero-

geneity in response to a uniform environmental stimulus and yield differing responses from individual cells

by a combination of genetically programmed and stochastic mechanisms (Ackermann, 2015; Smits et al.,

2006). One evolutionary strategy that exploits phenotypic heterogeneity to increase population fitness is

bet-hedging, wherein phenotypic diversity in an isogenic population allows for the population as a whole

to enhance its combined probability of survival to environmental fluctuations that may be either too rapid

to be addressed by genetic regulation, or for which the maintenance of separate, dedicated signal trans-

duction systems would be too costly (Beaumont et al., 2009; Levy et al., 2012). This approach may be partic-

ularly useful to an organism subject to a simultaneous barrage, or a rapidly oscillating variety of environ-

mental stressors (Ackermann, 2015; Holland et al., 2014a). A range of molecular mechanisms leading to

phenotypic variation in an isogenic population have been identified that can be epigenetic, stochastic,

and cell-cycle-based in nature (Avery, 2006; Raj and van Oudenaarden, 2008). Importantly, as subpopula-

tions commit to diverging responses, they must regulate cellular functions in a manner consequent with

that commitment.

Among microbes, cyanobacteria are particularly prone to radiative environmental insults in that their

photosynthetic metabolism exposes them by necessity to solar radiation (Whitton and Potts, 2012).

Many cyanobacteria are dominant in habitats characterized by high insolation (Potts, 1994; Revsbech

and Jorgensen, 1983; van Gemerden, 1993), in which exposure to UV radiation (UVR) can bring about sig-

nificant collateral damage, and have thus developed a suite of adaptations to mitigate its deleterious ef-

fects, including DNA and protein repair, behavioral avoidance of exposure by migration patterns, the
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synthesis of antioxidants, or the production of UV-absorbing sunscreens (Rastogi et al., 2014; Singh et al.,

2010). While some of these seem to be universal among cyanobacteria, like DNA damage repair or specific

replacements of the D1 protein in photosystem II (Rastogi et al., 2014), some are of restricted distribution.

Only some cyanobacteria, for example, can produce the sunscreen scytonemin (Garcia-Pichel and Casten-

holz, 1991), a brownish-yellow lipid-soluble sunscreen that accumulates in the extracellular polysaccharide

layer in response to UV-A (315–400 nm) exposure (Gao and Garcia-Pichel, 2011). This response is regarded

as a passive adaptation particularly useful in cyanobacteria that endure periods of quiescence (Soule et al.,

2007). By contrast, active behavioral responses based on photophobic responses to UV have only been

described for filamentous, non-heterocystous cyanobacteria like Oscillatoria spp. (Nadeau et al., 1999)

and Microcoleus spp. (Bebout and Garcia-Pichel, 1995). These two types of adaptations would seem to

be mutually exclusive given this ecological niche separation. In other words, either the organisms hunker

down and endure the insults, or they flee. Nostoc punctiforme has become the model organism to study

scytonemin, as it is the only producer that is genetically tractable. Although N. punctiforme is sessile (i.e.,

non-motile) in its vegetative life stage, it is also capable of motility responses after undergoing a develop-

mental cycle to form hormogonia, which are specialized short filaments that are characteristically motile

and buoyant and that serve as a means for colony dispersal. Fluctuating nutrient or salt concentrations, di-

minishing light intensity, or the presence of symbiotic partners (Meeks et al., 2002) will all elicit in

N. punctiforme the genetic expression patterns that lead to differentiation of motile hormogonia, which

will ‘‘glide’’ to an area more conducive to growth and promptly de-differentiate into sessile primordia,

and eventually into colonial vegetative forms (Meeks et al., 2002; Risser et al., 2014; Soule et al., 2009a).

In general, the genus Nostoc is widely distributed in the terrestrial environment, from Antarctic valleys

to arid deserts (Dodds et al., 1995), where it is often found as a symbiont to a variety of plants and fungi

(Dodds et al., 1995; Meeks et al., 2001). During the establishment of symbiosis, N. punctiforme will differ-

entiate into hormogonia in response to nutrient conditions and/or plant secondary messengers ( Campbell

et al., 2008; Ekman et al., 2013).

Gene expression for both types of adaptations in Nostoc is tightly controlled. In the case of scytonemin, a

canonical (Rajeev et al., 2011) two-component regulatory system (henceforth the scytonemin TCR or

scyTCR) directly controls its downstream polycistronic biosynthetic operon (Soule et al., 2009b). The

scyTCR is essential for scytonemin production (Naurin et al., 2016), and its histidine kinase contains chro-

mophore-binding motifs; while the chromophore is unknown, it is likely responsible for sensing its environ-

mental stimulus, UV-A radiation. Hormogonia differentiation requires several disparate cellular functions to

work in concert, including a specialized type IV pilus system that provides the primary motive force to carry

filaments along (Khayatan et al., 2015), gas vesicles to provide buoyancy in aqueous environments (Arm-

strong et al., 1983), the production of specific polysaccharide, as well as genes involved in reductive cell

division such as ftsZ and ftsY (Gonzalez et al., 2019). Most of the hormogonia-related genes are co-regu-

lated by a tripartite hierarchical sigma factor cascade (Gonzalez et al., 2019), consisting of sigma factors

J, F, and C, that chaperone the RNA polymerase to their transcriptional targets (Davis et al., 2017).

Because UV-A radiation exposure in Nostoc can elicit a large number of presumably adaptive responses

beyond scytonemin synthesis (Soule et al., 2013) for which the regulatory components are unknown, we

began a survey of regulatory targets of the scytonemin TCR by RNA sequencing of scytonemin TCR dele-

tion mutants under the hypothesis that its regulatory capacity might be more general than previously

thought. Surprisingly, these analyses provided evidence for a regulatory cross-talk between hormogonia

differentiation and scytonemin synthesis, which we explore further in this contribution.

MATERIALS AND METHODS

Strains and culture conditions

Mutant construction

In-frame deletion mutants DReg, DRR, DsigJ, DhcyA, and DhcyC were generated from their respective

parent strain (N. punctiforme UCD 153 for DReg and DRR, N. punctiforme ATCC 29133 for DsigJ, DhcyA,

and DhcyC) by homologous recombination as described in Cai and Wolk (1990). (Table 1) PCR primers

were designed to amplify DNA upstream and downstream of the desired deletion site (1.0 kb–3.0 kb on

each side) and containing overlapping sequences (Cai and Wolk, 1990; Cohen et al., 1994) (Table S1).

PCR products were checked and cloned into carrier plasmid pRL278. Plasmids were introduced into the

wild type by conjugation, and selected by a combination of antibiotic and sucrose counter selection

markers, as explained in detail in the study by Gonzalez et al., (2019).
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Phenotypic characterization

Scytonemin induction assays. Scytonemin production was induced by growing the strains in

15 3 100 mm glass Petri dishes under white light at 50 mmol photons m�2s�1 supplemented with a UV-A

flux of 7.5 mmol photons m�2s�1 supplied by black-light fluorescent bulbs (General Electric) for 5 days at

21�C. For some experiments, as noted where applicable, white light was omitted. Scytonemin production

was detected by microscopic observation first, using a Carl Zeiss Axioscope.A1 at 1003magnification and

by HPLC on a Waters e2695 equipped with a Supelco Discovery HS F5-5 column connected to a Waters

2998 PDA UV-Vis diode array detector as described in the study by Klicki et al., (2018).

Standard Hormogonia induction assays. Hormogonia induction was carried out following the study by

Khayatan et al., (2015): Nostoc strains were streaked onto agar-solidified medium supplemented with 5%

sucrose and grown heterotrophically in the dark until punctate colonies formed. Colonies were then trans-

ferred to agar-solidified media lacking sucrose and exposed to 10 mmol photons m�2s�1 provided at a

90-degree angle. Formation of hormogonia was detected visually under the dissection scope. Plate

motility assays were performed as previously described (Khayatan et al., 2015). This assay yields a massive

differentiation involving the large majority of existing filaments.

Hormogonia/scytonemin co-induction was carried out on solid AA medium using aluminum foil-wrapped

glass Petri plates provided with a side window, where the foil had been cut out, so that white light could

enter at a 90-degree angle at an intensity of 10 mmol photons m�2s�1. UV-A radiation was concurrently

delivered from a 2 cm2 top window that allowed for the entirety of the colony to be exposed to UV-A, after

passing through a 400 nm cut-off short-pass optical filter (Edmund Optics) to remove any visible light pro-

duced by the UV-A bulbs. This was necessary because we found in pilot experiments that any additional

vertically supplied visible light from the UV bulbs inhibited standard phototactic hormogonia induction.

For analyses, scytonemin/hormogonia co-induction cultures were transferred from agar plates to micro-

scope slides using a scalpel and photographed on a Carl Zeiss Axioscope.A1 at 10003magnification using

an Axiocam 105 color camera. They were inspected for morphologically identifiable hormogonia, and for

the typical extracellular coloration imparted by scytonemin. UV-A exclusive hormogonia induction was car-

ried out by plating strains from liquid cultures on to solid AA medium and incubating under UV-A irradia-

tion without supplemental PAR for 48–96 h. Hormogonia spreading was quantified by measuring the area

occupied by initial colony biomass and the area swept out by whisks of hormogonia using the Carl Zeiss Zen

3.1 software, subtracting the former from the latter, and dividing the difference by the initial biomass area.

The absence of scytonemin in actively differentiated hormogonia was demonstrated by collecting cellular

populations enriched in hormogonia as well as the vegetative colony from which they had radiated and ex-

tracting lipid soluble pigments in 100% acetone from each, respectively. Extracts were analyzed for the

presence of scytonemin by HPLC as previously described. The scytonemin to chlorophyll a ratio as evi-

denced by HPLC peak area for three replicates of UV-A-induced hormogonia and vegetative cells as

well as uninduced vegetative cells were compared via student’s T-tests. The enrichment of hormogonia

versus vegetative cells in either population was verified microscopically by performing width measure-

ments for 200 cells from each.

UV phototaxis induction was carried out on solid AA medium with wild type and mutant colonies supplied

with UV-A irradiation through a short pass filter at a 25-degree angle. Directional colony spreading was

observed microscopically.

Environmental fitness of N. punctiforme 29,133, DhcyA, and DhcyC was assessed by plating cells onto the

center of a Petri dish filled with sterilized sandy desert soil and subjecting them to exclusive UV-A irradia-

tion for 48 h. Plates were then moved to standard light conditions and hydrated periodically with sterilized

water. Plates were photographed after 3 weeks of growth under standard light conditions.

RNA extraction, sequencing, and RNAseq analyses

Total RNA was extracted from appropriately incubated cultures (UV-A-induced or uninduced) of each test

stain (wild type, DRR, and DReg) using previously described methods (Campbell et al., 2007a). Ribodeple-

tion, cDNA synthesis, and subsequent RNA sequencing were performed at the Arizona State University Ge-

nomics Facility as follows. Four mg of total RNA was submitted to ribodepletion using the MICROBExpress

Bacterial mRNA Enrichment Kit (Ambion). Directional cDNA libraries were synthesized using rRNA-

depleted samples. Three libraries per strain were multiplexed and treatments sequenced independently
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on an IlluminaNextSeq 500 using a v2 2x75 pair end kit sequenced generating 76 base pair reads, obtaining

on average 9,773,321 G 5,550,035 reads per sample, excluding 16 and 23S rRNA genes. Sequences were

aligned and assembled to the Nostoc punctiforme PCC 73102 genome using Rockhopper (Tjaden, 2015)

on default parameters independently for each replicate. Differential expression between mutants and

UV treatments was calculated using the DEseq algorithm in Rockhopper (Tjaden, 2015). Given the roughly

6,000 non-rRNA genes in the N. punctiforme genome, only transcripts whose differential expression had a

q-value (a false discovery rate corrected p value) of less than 10�15 were considered significant for down-

stream analyses. Contiguous genes of known function that exhibited similar degrees of differential expres-

sion were considered to be co-regulated. Reads per kilobase million for each gene from the Rockhopper

output were square root transformed to accentuate expressional differences over a broader dynamic

range. Heatmaps were constructed using Pheatmap (Kolde and Antoine, 2015)

Targeted analysis by RT-qPCR

Five-hundred ng of total RNA was used to synthesize cDNA using the Protoscript first-strand cDNA synthe-

sis kit and random hexamer primers (New England Biolabs) according to manufacturer’s protocols. 1 mL of

resulting cDNAwas used as qPCR template. Transcripts were amplified using primer sets targeting specific

genes as described in Table S1, using an ABI 7900 HT Real-time PCR system and PerfeCTa SYBR Fastmix

according to manufacturer’s protocols. Transcript level was quantified in three technical replicates of each

treatment using the 2�DDCTmethod with expression normalized relative to rnpB as previously done byGon-

zalez et al., (2019), and results averaged per treatment.

Bacterial adenylate cyclase two-hybrid assays

The bacterial adenylate cyclase two-hybrid assay (BACTH) was employed to probe protein-protein interac-

tion between HcyC (Npun_F1684) and HcyA (Npun_F1682) with the putative phosphorylated serine resi-

dues replaced with alanine, as well as sigma factors C, F, and J. To construct a plasmid-encoding HcyC

fused to the T25 fragment of Bordetella pertussis adenylate cyclase for bacterial adenylate cyclase two-

hybrid (BACTH) analysis (Battesti and Bouveret, 2012; Karimova et al., 1998), the coding region gene

was amplified via PCR and cloned into pKT25 as an XbaI-KpnI fragment using restriction sites introduced

on the primers. BTH101 (adenylate cyclase-deficient) Escherichia coli strains transformed with appropriate

plasmids were streaked onto Lysogeny Broth (LB) agar plates containing 100 mg/mL Ampicillin and

50 mg/mL Kanamycin, and incubated at 30 �C for 48 h. For each strain, 1 mL of LB containing 100 mg/mL

Ampicillin, 50 mg/mL Kanamycin, and 0.5 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) was inoculated

with several colonies from the plate, and cultures were then incubated overnight at 30�C with shaking at

230 rpm. Subsequently, 2 mL were taken from each overnight culture and spotted onto MacConkey agar

plates containing 100 mg/mL Ampicillin and 50 mg/mL Kanamycin. Plates were incubated at 30�C for

48 h prior to imaging.

RESULTS

Patterns in RNAseq expression analysis

The original intent of the present study was to identify ancillary regulatory targets of the scytonemin TCR.

To this end, RNA sequencing was conducted on N. punctiforme UCD 153 (wild type) and derived scytone-

min TCR (scyTCR) system mutants DRR lacking the AraC-type DNA-binding transcription factor that con-

trols expression of the scytonemin operon and DReg lacking the putative UV-A-sensing PAS domain

containing sensor histidine kinase, both under UV-A inductive conditions and in the absence of UV (non-

induced). The expectations were that any genes under control of this TCR would show a relative downre-

gulation in the mutants, and that the differences would be dependent on inductive (UV-A exposed) condi-

tions. We found that out of the 6219 ORFs in the genome, 527 were statistically differentially expressed

(q < 10�15) between wild type and either one of the two regulatory mutants under scytonemin-inductive

conditions (Figure 1 and S2). Most of this response was seen in the double mutant rather than in the

response regulator mutant, consistent with the crucial role of the histidine kinase in the photosensory

response. Under non-inductive conditions, the number of differentially expressed ORFs between wild

type and mutants was reduced by more than half, but not completely abolished, indicating that the scyto-

nemin TCR can also exert regulatory control based on non-UV-A sensory inputs. Unexpectedly, we found a

large group of genes (207 under UV-A induction and 132 in its absence) that weremore intensely expressed

in DReg than in the wild type. While most of these genes were annotated as hypothetical, one contiguous

cluster (Npun_F0198 to Npun_F0237) included a heat shock protein HSP20, UV damage endonuclease, and
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manganese-containing catalase among other general stress response genes (Figure S2). These results

would imply that scyTCR can act as an inhibitor, in addition to its known activator function, directly or indi-

rectly, under conditions leading to scytonemin synthesis. Clearly, the regulatory reach, mode of action, and

sensory versatility of the scyTCR go well beyond what was previously assumed. However, many of the pre-

sumptive target genes, while statistically significant, were either hypothetical proteins or annotated to an

insufficient level to extract useful information.

As expected, expression of genes in the scytonemin operon (Npun_R1276–Npun_R1260) was virtually

abolished in either one of the TCR deletion mutants under UV-A exposure (205- to 190-fold downregula-

tion vs. the wild type), consistent with the results of Naurin et al., (2016). Furthermore, no statistical differ-

ence in expression between wild type and TCR deletion mutants was detected in the absence of UV-A

(Figure 1), indicating the pure photosensory nature of its regulatory action on the scytonemin operon.

Figure 1. Subset of differentially expressed genes from RNA sequencing of N. punctiforme wild type (UCD 153), DRR, and DReg under UV-A and

standard white light conditions

Square root transformed RPKM for each gene was used to produce heatmap. The scytonemin operon (Npun_R1276–Npun_R1260) was strongly downre-

gulated in mutants lacking the scytonemin TCR. A cluster of genes from Npun_F2147 to Npun_F2164 implicated in gas vesicle synthesis and other motility

related processes were also downregulated in scytonemin TCR mutants under inductive conditions, as were genes Npun_F5005–Npun_F5008, involved in

the synthesis of type-IV pilus components. Several components of the anti-sigma factor/anti-sigma factor partner-switching system Npun_1682–Npun_1685

(hcyA-D) were also differentially expressed between wild type and scytonemin TCR mutants. Significance thresholds between wild type and mutant strains: *

(q % 10�15), ** (q % 10�20), *** (q % 10�50).
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Interestingly, the ebo gene cluster (Npun_R5231–Npun_F5236), which is essential for the synthesis of scy-

tonemin as an intermediary export system to the periplasm (Klicki et al., 2018), did not exhibit differential

expression between wild type and scytonemin TCR mutants (data available through NCBI SRA accession

PRJNA728749), despite being demonstrably induced by UV-A exposure (Soule et al., 2009a). Thus, the

ebo operon in Nostoc is likely under the control of a separate photoregulatory system.

Three other functional gene clusters (Figure 1) displayed conspicuous differential downregulation in the

TCR mutants: one encoding gas vesicle proteins, another one, just downstream of it, coding for a variety

of chemotaxis-related proteins (Npun_F2147 to Npun_F2164) and the pilM- Q cluster (Npun_F5005 to

Npun_F5008) encoding type IV pilus system components (Gonzalez et al., 2019). All of these clusters are

typically and exclusively expressed in Nostoc during the development of hormogonia. The level of wild-

type expression for these clusters under UV-A induction was 3- to 4-fold higher than that in the uninduced

wild-type cultures, showing that UV-A did play an inductive role in their expression. However, while the scy

genes were downregulated very strongly (some 200-fold), these went down only by 5- to 6-fold with scyTCR

deletion.

Finally, expression of a 4-gene cluster of putative, but unspecified, regulatory function (Npun_F1682–

Npun_R1685) was also negatively affected by the deletion of the scytonemin TCR (2- to 3-fold; q = 10-15)

under conditions of UV-A induction. This effect was not detected in uninduced cultures (q > 0.4), indicating

that the scyTCR has a UV-A-dependent role in the promotion of their expression in the wild type, similar to

the canonical effect on the scytonemin operon. Differential expression levels, however, were more in line

with those seen in the hormogonia-related genes discussed above (Figure 1). The cluster contains a gene

predicted to be an anti-sigma factor antagonist (henceforth hcyA), followed by a RsbU-like phosphatase

(henceforth hcyB), an anti-sigma factor (henceforth hcyC), and a multi-sensor hybrid histidine kinase

(henceforth hcyD).

UV-A as an environmental cue for hormogonia development

The preceding results showing the positive regulation by scyTRC of expression of typical hormogonia

genes suggest that UV-A may function as an environmental cue to their differentiation. But no such reports

existed in the literature. To test this, we exposed cultures of the wild type to standard UV-A radiation fluxes

in the dark (i.e., with no visible light). Abundant hormogonia developed within a few days (Figure 2),

whereas no hormogonia developed in controls without UV. However, if as little as 5 mmol m�2 s�1 of visible

light was included in the assays, no hormogonia developed. While it is clear that UV-A acts as a stimulus of

hormogonia development, their motility showed no phototactic directionality toward or away from UV

(Figure S3).

Involvement of the hcyA-D cluster in UV-mediated hormogonia differentiation

The RNAseq results suggested that the scytonemin TCR may be responsible for a regulatory linkage be-

tween scytonemin production and hormogonia differentiation within the frame of a higher-order regula-

tory network, wherein the hcyA-D genes may be the key to this linkage. To probe for UV-A-dependent

hormogonia-related phenotypes associated with these genes, in frame deletion knockouts (DhcyA and

DhcyC) were constructed. Indeed, DhcyA displayed a decrease in hormogonia differentiation capacity

relative to wild-type N. punctiforme (Figure 2) under UV induction assays, whereas DhcyC showed no

such inhibition, while no significant effect on hormogonia differentiation under standard inductive condi-

tions was observed between mutants (Figure S4). When screened for scytonemin production in standard

UV-A induction assays, both DhcyA and DhcyC were positive and showed no difference in accumulation

compared to their wild-type counterpart (Figure S5). These results are consistent with the notion that

HcyC acts as an inhibitor of the hormogonium cascade so that its absence would not bring about a

decrease in hormogonia differentiation, and that HcyA acts as an HcyC inhibitor whose absence would

allow HcyC to inhibit the process more strongly. To test if these two putative regulatory elements could

be part of a coordinated system, we conducted bacterial two-hybrid tests, which confirmed that HcyA and

HcyC can physically interact in vivo (Figure S5), adding evidence beyond their genomic location that HcyC

is a target of HcyA activity. As was seen in the wild type, addition of visible light at low intensity could

suppress the UV-A-induced development of hormogonia in the DhcyC mutant, but unlike in the wild

type, exposure to high fluxes of visible light restored the response. This restoration by high light was

not detected in DhcyA.
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Surprisingly, two-hybrid interaction screens of HcyC against SigC, SigF, and SigJ (the sigma factors whose

regulon controls hormogonia differentiation) did not yield any evidence of protein-protein interaction sug-

gesting that the target of HcyC’s activity is a different sigma factor or regulatory element alltogether (Fig-

ure S6). Overall, the results implicate the hcyA-D regulatory system in the hormogoniumdifferentiation reg-

ulatory cascade elicited by UV-A, rather than in the scytonemin regulatory system.

Suppression of scytonemin synthesis in hormogonia under UV-A

To examine regulatory interactions in the reverse direction (i.e., the hormogonium regulatory cascade

acting on the scytonemin regulation), we conducted experiments with N. punctiforme ATCC 29133 and

its derived sigma factor regulatory mutants in which hormogonia formation was induced with the standard

phototactic assay, but with concurrent exposure to UV radiation. Cells were exposed to visible light later-

ally, and UV-A radiation from above. After five days, cultures were examined microscopically. We could

determine that scytonemin had been produced in all wild type as well asDhcyA/C strains, and concurrently,

hormogonia had formed in all strains (Figure 4). Deletion mutants did thus not interfere with scytonemin

formation under phototactic induction, as they did not under UV induction (see above), and both responses

proceeded concurrently. However, we noticed a clear populational segregation in the responses. In all

cases, only a small part of the Nostoc filaments had differentiated into hormogonia, and those that did,

did not exhibit the characteristic extracellular brownish coloration of scytonemin. Conversely, scytonemin

production occurred only in the subpopulation that remained in the vegetative state (Figures 3 and 4).

These findings confirm the notion that hormogonia differentiation and scytonemin production cannot pro-

ceed simultaneously in a single filament and indicate that a regulatory mechanism must be at play to sup-

press scytonemin production once a cell is committed to differentiation, even under concurrent UV-A irra-

diation. The mechanism of this functional segregation cannot be reliant on the hcy system, however, as

populations of hcy deletion mutants showed identical phenotypic heterogeneity to wild type.

We re-examined the RNAseq time course conducted by Gonzalez et al., (2019) in which expression changes

were followed during the process of phototactic hormogonium differentiation paying particular attention

to changes in expression of scytonemin-related genes under standard phototactic hormogonia induction.

Expectedly, because the cultures were not exposed to UV, neither scytonemin nor ebo operons displayed

Figure 2. Phenotypic responses of wild type, DhcyA, and DhcyC after 5 days in dark, high light (100 mmol m�2

s�1) + UV, low light (10 mmol m�2 s-1) + UV, and dark + UV conditions

Hormogonia can be seen spreading from the central clump pf vegetative cells in wild type and DhcyC in UV-only

conditions, but not in DhcyA, while they can be seen emanating only from DhcyC under high light + UV conditions.

Boxplots represent hormogonium spreading quantification for each mutant and condition (seematerials andmethods) of

3 independent colonies. The experiment was repeated three times independently with qualitatively identical results.
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any significant changes in expression. However, the histidine sensor kinase of the scyTCR was down-regu-

lated 7-fold during this 24-h time course (Figure 5), essentially blinding to UV-A any cells committed to

develop into hormogonia. In a parallel analysis of the sigma factor J regulatory mutant, no such downre-

gulation of the scytonemin histidine kinase was observed over the same time course (Figure 6) indicating

that sigma factor J is, directly or indirectly, responsible for this suppression. The Gonzalez transcriptome

also revealed expression of hcyA and hcyC to be dependent on sigma factor C (Gonzalez et al., 2019).

The expression of sigma factor C is itself directly dependent on sigma factor J (Gonzalez et al., 2019),

thus deletion of sigma factor J has the effect of abolishing phototactic induction of hcyA-C (Figure 6)

Dynamics of UV-A mediated upregulation of scytonemin and hormogonia responses

Two reasons prompted us to inspect more closely the induction of the hormogonia response genes that we

saw with the RNAseq data in Figure 1 under conditions of scytonemin induction (UV-A in the presence of

visible light). First, scytonemin production in response to UV-A takes place over a period of 4–6 days (Soule

et al., 2009a) while the typical phototactic hormogonia differentiation takes only 24 h (Gonzalez et al., 2019).

Second, the fact that induction, although statistically significant, did demonstrably not lead to an actual,

phenotypically detectable formation of hormogonia (Figure 2). For this, we conducted an RT-qPCR-based

time course analysis of relevant genes. We chose hormogonia gas vesicle protein A (gvpA, Npun_F2159)

and type IV pilus assembly protein (pilM, Npun_F5005) to represent the hormogonia response. The analyses

were carried out with the wild-type strains and the scyTCR and sigma factor regulatory mutants under stan-

dard scytonemin induction conditions over aperiodof 120 h. The results (Figure 6) corroborated theRNAseq

data in that a clear induction by 5 days was seen in pilM and gvpA genes in the wild type, but not in DRR or

DReg. This induction was, however, dynamically much more sluggish and less intense than that seen under

phototactic inductionof hormogonia differentiation (comparewith Figure 6). The involvement of thehcy sys-

tem in this induction was also patent in that DhcyAmutants failed to respond. Interestingly, DhcyCmutants

had a short-lived peak of expression during the first day, while bothwild type and all othermutants showed a

relative expression decrease early on. These results are consistent with the presence of competing sensory

signals and regulatory systems: one that can induce the hormogonia genes based on the UV-A signals, and

another one repressing these genes through other inputs (possibly visible light, see Figure 2) in which HcyC

participates, given that its absence allows their expression at least during the early response.

To determine if the HcyA-D partner switching system imparts a fitness advantage in Nostoc’s natural envi-

ronment, wild type,DhcyA, andDhcyCwere inoculated on sterilized soil and subjected to UV irradiation. As

predicted from UV-induced motility from agar plates, DhcyC displayed the emergence of satellite colonies

2–3 weeks after UV irradiation, while DhcyA displayed none (Figure S7).

DISCUSSION

RNAseq analyses of deletion mutants in the scyTCR of Nostoc punctiforme demonstrated that the suite of

genes under its influence is much more diverse than previously considered, that it includes both up- and

Figure 3. Co-induction of scytonemin production and hormogonia differentiation in wild type,DhcyA, and DhcyC

mutants

Scytonemin can be seen as a brownish yellow sheath accumulating around vegetative cells, but not around hormogonia in

all three strains. Black arrows point to hormogonium filaments and red arrows point to extracellular scytonemin

accumulation in each frame. Quantitative assessment of scytonemin production is in Figure S3.
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downregulation of various genes and multigene loci, and that it likely also incorporates sensory inputs

other than UV-A radiation. It apparently downregulates at least some genes involved in photooxidative

stress responses alternative to scytonemin production. In its regulon, the most puzzling targets were

sets of genes presumably involved in the development of hormogonia, the meaning of which we pursued

in this contribution.

Bet-hedging in response to UV-A exposure

Our experiments demonstrate that the segregation between motility and sunscreen responses to UV-A

(i.e., the choice between hunkering down and passively enduring its stress vs. actively fleeing), both of

which were known from different species of cyanobacteria (Castenholz and Garcia-Pichel, 2007), have an

intra-populational parallel in a single species genetically capable of both types of responses. Our work

demonstrated that UV-A cues in themselves suffice to elicit hormogonia differentiation in Nostoc, concur-

rently with the well-known synthesis of scytonemin (Soule et al., 2009a). However, the responses weremutu-

ally exclusive at the cellular level, asNostoc hormogonia failed to produce scytonemin even in the presence

of UV-A radiation levels that elicited its synthesis in cells of the same original population that had remained

in the vegetative state.

In terms of populational fitness, it may well make sense for Nostoc to hedge its bets by deploying both

types of responses concurrently. This may ensure a higher rate of survival under ultraviolet stress of un-

known magnitude, as sunscreens may or may not provide sufficient protection under harsh regimes, and

hormogonia are not guaranteed a safe journey to more benign settings. This strategy of risk spreading

in the face of fluctuating environmental conditions is known as bet-hedging (De Jong et al., 2011). Main-

taining genetically encoded phenotypic heterogeneity may be of particular utility in the face of unpredict-

ably fluctuating environmental conditions (Ackermann, 2015). These points were further supported by ex-

periments that sought to recreate Nostoc’s natural soil environment. The absence of components in the

Hcy system that enable this bet-hedging strategy caused fewer satellite colonies to emerge after a period

of UV-A irradiation followed by dessication, suggesting that a small proportion or none of the original pop-

ulation were able to differentiate into hormogonia during UV-A stress (Figure 4). The crux is how to manage

regulatory stress responses for both types of adaptations in a coordinated manner. In other words, how to

obtain the desired heterogeneity in response first, and then how to silence the alternative pathway once a

commitment is made at the cellular level. The first part of the problem is not very different from the choices

faced by Nostoc populations under stressors other than UV-A, in that differentiation of hormogonia is

A B

C

Figure 4. Cellular and molecular differentiation of vegetative and hormogonia populations of UV-irradiated

cultures

(A) Representative image of a typical colony exhibiting UV-induced hormogonia differentiation with central colony

highlighted with light gray box and hormogonia highlighted with dark gray box B) Cell size distribution in colony (light

gray) and hormogonia (dark gray) populations. Hormogonia cells undergo reductive cell division during differentiation,

resulting in the distribution of cell sizes to be left skewed, while vegetative cell populations exhibited a larger average cell

size.

(C) Ratio of scytonemin to chlorophyll a in hormogonia and vegetative cell populations as determined by HPLC analysis of

separated population extracts. Hormogonia showed minimal accumulation of scytonemin compared to vegetative cells.

ll
OPEN ACCESS

iScience 25, 104361, June 17, 2022 9

iScience
Article



apparently generally not universal, except under controlled laboratory conditions (Splitt and Risser, 2016),

and only portions of the natural population will commit to the developmental pathway (Campbell et al.,

2008). Many instances of phenotypic response heterogeneity have been observed across bacteria (Acker-

mann, 2015), suggesting that a diversity of stress responses in a clonal population can increase overall

fitness in the face of fluctuating environmental stressors (Holland et al., 2014b). The presence of double-

negative, imbricated regulatory systems (McCaw et al., 2002; Schurr et al., 1993; Smits et al., 2006), as

well as transcriptional noise and stochasticity (Ackermann, 2015) are thought to play a key role in the gen-

eration of phenotypic response heterogeneity. A conspicuous case of phenotypic heterogeneity occurs in

cyanobacteria during nitrogen fixation, wherein a small subset of cells in an isogenic population modulate

expression of nitrogenase components based on a circadian clock (Adams, 2000; Mohr et al., 2013). The

basic mechanism that allows phenotypic heterogeneity to arise under UV-A may well be intrinsic to the

core hormogonia regulatory cascade (Figure 7), although the specifics are neither known nor easily derived

from current knowledge. Our research provides some mechanistic insights into a means for coordination

and cross-talk between the two canonical regulatory pathways involved.

How and why hormogonia suppress scytonemin synthesis

The regulatory basis of this phenomenon can be traced to the downregulation of the scyTCR expression by

sigma J, as demonstrated by the DsigJ knockouts during phototactic hormogonium differentiation (Fig-

ure 3). The extent of this downregulation in committed hormogonia is in fact not fully encompassed by

the populational RNAseq data, in that a 6- to 7-fold downregulation signal stemming from a just a portion

of cells (committed hormogonia under the present UV-A inductive conditions) that may make up at most

some 10% of the population, implies that the single-cell downregulation effect in hormogonia themselves

could be close to an order of magnitude higher, although the precise experimental conditions used may

influence this proportion, as standard phototactic assays yield near 100% differentiation of hormogonia.

In any event, this downregulation of the scyTCR likely denies hormogonia the ability to respond to UV-A

cues that would otherwise strongly upregulate scytonemin genes. Although the specific mechanism of

this transcriptional repression cannot be directly discerned from our data, it is unlikely that sigma J acts

directly as a repressor of the scyTCR transcription because sigma factors promote expression by recruiting

RNA polymerase to their target transcriptional start site (Helmann and Chamberlin, 1988; Wösten, 1998).

Sigma J may in turn upregulate the expression of a putative secondary transcriptional repressor that tar-

gets the scytonemin TCR locus. This regulatory separation makes sense in terms of energetics of invest-

ment, in that any scytonemin formed by hormogonia would be exported to the extracellular polysaccharide

layer, and thus be left behind as they glide away from it, negating any potential beneficial effects to the
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hormogonium. The investment in an ineffective sunscreen would add to the already burdened metabolism

of hormogonia differentiation, which involves the cessation of vegetative metabolic activities in exchange

for overproduction of hormogonia-specific proteins (Marsac, 1994).

UV-A can elicit hormogonia differentiation and this response is modulated by visible light

Our results point to the hcyA-D quatripartite regulatory system as a crucial link between the canonical scy-

tonemin and hormogonia regulatory cascades (Figure 7). On the one hand, as a unit, its expression was

enhanced by the UV-A-sensing scyTCR (Figure 1), and mutants of one of its components, hcyA, failed to

develop hormogonia under induction by UV-A (Figure 2), both linking its expression to the scytonemin cir-

cuit. On the other hand, it is overexpressed during phototactic hormogonia differentiation in a process

dependent on the master regulator of the hormogonia cascade, sigma J (Figure 6). Additionally, expres-

sion of some of its genes is controlled bymembers of the tripartite hierarchical sigma factor cascade (sigma

factors J,F, and C) (Gonzalez et al., 2019). Notably, we found no differential expression or phenotypic ef-

fects of the hcy deletion mutants on the scytonemin systems, indicating that its main ultimate regulatory

target is hormogonia differentiation. These results clearly link the system to the canonical hormogonia reg-

ulatory circuitry. Interestingly, the hcyA-D cluster is conserved in sequence homology of its components

and genomic architecture only among a small group of cyanobacterial genomes corresponding to genera

that are capable of differentiating hormogonia and producing scytonemin (Nostoc, Calothrix, and Tolypo-

thrix), but not in other cyanobacteria, which speaks for adaptations to UV beyond Nostoc itself.

Furthermore, this system is also at least partly responsible for the integration of visible light signals that can

demonstrably counteract the induction of the hormogonium circuit by UV-A. HcyC seems to play a role in

this signal integration as its deletionmutant was unable to carry out fully the suppression of UV-A-induction

mediated by (high intensity) visible light (Figure 2) and displays a differential early burst of hormogonia

gene expression (Figure 6).

While the precise mechanisms of the hcyA-D-mediated interaction cannot be directly determined from our

data, bioinformatic examinationmay provide some insights. The system contains four genes, three of which

are annotated as potential components of a partner-switching regulatory unit, including a putative anti-

sigma factor (hcyC), an anti-sigma factor antagonist (hcyA), and a phosphatase (hcyB), and we demonstrate

that hcyC and hcyA interact physically in vivo (Figure S4). The multi-sensor hybrid histidine kinase encoded

by hcyD (Npun_R1685) contains two GAF domains and one PAS sensory similarly to scyHK according to the

NCBI Conserved Protein Domain Database (Marchler-Bauer et al., 2011, 2015, 2017). The former is known

to be a chromophore-binding domain (Wagner et al., 2005), suggesting that it may play a photosensory

role (Wiltbank and Kehoe, 2019), and in fact hcyD’s GAF domain contains twin cysteine residues (C833
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and C841) which were shown to bind a UV-sensing chromophore in UirS of Synechocystis PCC 6803 (Song

et al., 2011). hcyD’s histidine kinase domain may activate other components of the hcy system; however,

unlike the GAF domain-containing UirS UV sensor kinase of Synechocystis PCC 6803 (Song et al., 2011),

hcyD does not elicit a photophobic directionality to hormogonia motility (Figure S3). By analogy to similar

partner-switching systems, a potential candidate is the phosphatase HcyB, with homology to RsbU (Delu-

meau et al., 2004), which is known in Bacillus subtilis to be activated by a sensor kinase, and in turn dephos-

phorylates an anti-sigma factor antagonist (Delumeau et al., 2004). By analogy, HcyB could dephosphory-

late HcyA, relieving its inhibition of HcyC. Similarly, one might be inclined to postulate the hcyA-D system

exerts its control over the expression of hormogonia development through post-translational interactions

between HcyC and Sigma J. However, it is clear from two-hybrid analyses that HcyC does not directly

interact with any of the three hormogonia-related sigma factors in vivo. If HcyC were to actually act as

an anti-sigma factor, the target would have to be found outside of the canonical tripartite cascade. How-

ever, other studies have found that similar partner-switching systems, such as HmpWUV inN. punctiforme,

can have final output effects on non-sigma factor targets (Mercer and Lang, 2014; Morris and Visick, 2013;

Riley et al., 2018). This could well be the case with hcyA-D given that a lack of hcyA led to a complete loss of

UV-A-induced hormogonia formation as shown in Figure 4, suggesting that HcyC is inhibiting some regu-

latory element that positively affects hormogonia development. In the DhcyC mutant background, HcyA

has no target to inhibit, and thus hormogonia differentiation proceeds unabated.

It is also possible that the apparent complexity in regulatory circuitry may contribute to the process of

populational bifurcation in the phenotypic responses to UV-A, since negative feedback loops similar to

the regulatory mechanism that mediates it, directly lead to cases of phenotypic heterogeneity (McCaw

et al., 2002; Schurr et al., 1993; Smits et al., 2006). In the present working model (Figure 7), sigma factor

J indirectly and negatively regulates the scytonemin TCR and indirectly and positively regulates expression

of the hcyA-D system, which in turn negatively regulates, directly or indirectly, hormogonia responses.

Limitations of study

Clearly, further experimentation will be needed to characterize the components, precise interactions, and

phenotypic outcomes of this complex gene regulatory network to the point of gaining a soundmechanistic
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understanding. Our current interpretation was unexpectedly hampered by the discovery that strain UCD

153, which was used to derive the scyTCR mutants, was in fact deficient in hormogonia differentiation,

which prevented us from further probing effects of its mutants on the phenotype directly. The interrogation

of new mutant strains based on the ATCC 29133 strain, both targeting the scyTCR and other components

shown by our study to be important in the hcy system, particularly hcyD, should prove useful in this respect.

Additionally, further probing of environmental cues in various combinations may help clarify the precise

conditions that bring about an increase in fitness to Nostoc, and perhaps also other similar genera of cy-

anobacteria, by fleeing UV-A exposure via developmental processes, in that currently this outcome occurs

under exposure to UV-A alone (with no exposure to visible light), a situation that does not happen in nature.

In this regard, it is useful to be reminded of the limitations of using model laboratory strains kept for de-

cades under laboratory conditions to interpret situations in their original habitat, in that they are released

from the selective pressures that honed adaptations of fitness value there, as the case of strain UCD 153

most poignantly reminds us.
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Table 1. Nostoc punctiforme strains utilized in this work

Strain Description

Mutation

Locus Tag Function Mutant Phenotype

ATCC 29133 Wild Type/WT – – –

UCD153 Strain derived from ATCC 29133 – – High rate of conjugal transfer, no

hormogonia differentiation

DRR Deletion of scytonemin TCR response

regulator derived from UCD 153

Npun_F1278 DNA-binding transcription factor

initiating transcription of

scytonemin operon

Total abolition of scytonemin

production

DReg Deletion of scytonemin response

regulator and histidine kinase derived

from UCD 153

Npun_F1278,

Npun_F1277

Two component regulatory system

controlling expression of the

scytonemin operon

Total abolition of scytonemin

production

DhcyA Deletion of anti-sigma factor antagonist

derived from ATCC 29133

Npun_F1682 Inhibitor of anti-sigma factor Mild reduction in hormogonia

differentiation under phototactic

induction

DhcyC Deletion of anti-sigma factor derived

from ATCC 29133

Npun_F1684 Inhibitor of sigma factor No reduction in hormogonia

differentiation under phototactic

induction

DsJ Deletion of sigma factor J derived

from ATCC 29133

Npun_R1337 Master regulator of phototactic

hormogonia response

Total abolition of hormogonia

response
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Nostoc punctiforme ATCC 29133 ATCC N/A

Nostoc punctiforme UCD153 U. California, Davis

(Campbell et al., 2007)

https://doi.org/10.1128/JB.00990-08

Nostoc punctiforme UCD153 DRR This work N/A

Nostoc punctiforme UCD153 DReg This work N/A

Nostoc punctiforme ATCC29133 DhcyA This work N/A

Nostoc punctiforme ATCC29133 DhcyC This work N/A

Nostoc punctiforme ATCC29133 DsJ U of the Pacific

(Gonzalez et al., 2019)

https://doi.org/10.1128/mSphere.00231-19

Oligonucleotides

rnpB targeting sequence: TAAGAGCGCACCAGCAGTAT This work N/A

gvpA targeting sequence: TGACCGCATCTTGGACAAAGG This work N/A

pilM targeting sequence: CTAACGGATGAACTGCGCCG This work N/A

hcA rageting sequence: ATATATCTAGATGTGAAAAATA

AAATTTATCTAAAAGTCAA

This work N/A

hcyC targeting sequence (two-hybrid assay):

ATATAGGATCCCCCCTACAAATGATTCATATTC

This work N/A

hcyC targeting sequence (50): ATATAGGATCCTC

CTCGTCGATCCAATAATG

This work N/A

hcyC targeting sequence (30): CACAGACCTTTACTATT

AATCCTCTTATCTAAGTTTTG

This work N/A

hcyC targeting sequence (50): ATATAGGATCCCCCC

TACAAATGATTCATATTC

This work N/A

hcyA targeting sequence (30 ): CCATGAGCATTACACAGT

AAGTTCCTAGACTAG

This work N/A

hcyA targeting sequence (50 ): ATATAGGATCCCCCCTAC

AAATGATTCATATTC

This work N/A

ScyRR targeting sequence: GTGGAGGATCCGTCT

ATTTTTTGTATTCCTC

This work N/A

ScyTCR targeting sequence: GTGGACGGATCCCAAA

GGCTGGCCATTGC

This work N/A

Recombinant DNA

Plasmid pDDR415 [pRL278::DNpF1682 (BamHI-SacI)] This work N/A

Plasmid pDDR417 [pRL278::DNpF1684 (BamHI-SacI)] This work N/A

Plasmid pDDR437 [pKT25::NpF1684 (XbaI-KpnI)] This work N/A

Plasmid pDPF1278 [pRL278::DNpF1278-1277 (BamHI-SacI)] This work N/A

Plasmid pDDR435 [pUT18c::NpF1682 S49A (XbaI-KpnI)] Riley et al., 2018 https://doi.org/10.1111/mmi.14061

Plasmid pDPF1277 [pRL278::DNpF1278-1277 (BamHI-SacI)] This work N/A

Plsmid pDPF1278 [pRL278::DNpF1278-1277 (BamHI-SacI)] This work N/a

Pasmid pDDR415 [pRL278::DNpF1682 (BamHI-SacI)] Riley et al. (2018) https://doi.org/10.1111/mmi.14061
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ferran Garcia-Pichel (ferran@asu.edu).

Materials availability

Mutant strains, natural variants and plasmids used in this work are freely available directly from the lead

contact upon request. The wild-type strain is also available from the American Type Culture Collection.

There are no newly developed reagents associated with this work.

Data and code availability

Sequence datasets generated in this study are available at NCBI’s SRA database with accession number

PRJNA728749. No new code resources were used in this research. Other phenotypic or analytical data

are available in the manuscript in graphical or photographic form. Any additional information and source

data, when applicable, is available on request from the corresponding author.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

RNA sequencing experiments were conducted with a spontaneous derivative strain of Nostoc punctiforme

ATCC 29133 (PCC 73102), UCD 153, that displays dispersed growth and a higher frequency of gene

replacement by conjugal transfer (Campbell et al., 2007b). Mutant strains DReg and DRR, with complete

(Npun_F1278 and Npun_F1277) or partial (Npun_F1278) deletions in the scytonemin TCR, were derived

from it. Hormogonia induction experiments were carried out with the original wild-type, Nostoc puncti-

forme strain ATCC 29133, because UCD 153 does not exhibit phototactic hormogonia induction. Deletion

mutant DsigJ, DhcyA and DhcyC were derived from ATCC 29133. All strains were grown as previously

described (Ferreira and Garcia-Pichel, 2016) in liquid Allen and Arnon (AA) medium, diluted 4-fold

(AA/4), and on solidified AA medium plates under white light at 50 mmol photons m�2s�1 at room temper-

ature. Neomycin was used at 25 mgmL�1 for the selection andmaintenance of transformed single recombi-

nants (Bertani, 1959). A detailed compilation of all strains used in this work is provided in Table 1.

METHOD DETAILS

Phenotypic characterization

Scytonemin induction assays

Scytonemin production was induced by growing the strains in 15 3 100 mm glass Petri dishes under white

light at 50 mmol photons m�2s�1 supplemented with a UV-A flux of 7.5 mmol photons m�2s�1 supplied by

black-light fluorescent bulbs (General Electric) for 5 days at 21 �C. For some experiments, as noted where

applicable, white light was omitted. Scytonemin production was detected by microscopic observation first,

using a Carl Zeiss Axioscope.A1 at 1003 magnification and by HPLC on a Waters e2695 equipped with a

Supelco Discovery HS F5-5 column connected to a Waters 2998 PDA UV-Vis diode array detector as

described in Klicki et al., (2018).

Standard Hormogonia induction assays

Hormogonia induction was carried out following Khayatan et al., (2015):Nostoc strains were streaked onto

agar-solidified medium supplemented with 5% sucrose and grown heterotrophically in the dark until punc-

tate colonies formed. Colonies were then transferred to agar-solidifiedmedia lacking sucrose and exposed

to 10 mmol photonsm�2s�1 provided at a 90-degree angle. Formation of hormogonia was detected visually

under the dissection scope. Plate motility assays were performed by transferring colonies grown on AA/4

supplemented with 10% sucralose to AA/4 containing 0.5% Noble agar (Khayatan et al., 2015). This assay

yields a massive differentiation of filaments involving the large majority of existing filaments.

Hormogonia/scytonemin co-induction was carried out on solid AA medium using aluminum foil wrapped

glass Petri plates provided with a side window, so that white light could enter at a 90-degree angle at an

intensity of 10 mmol photons m�2s�1. UV-A radiation was concurrently delivered from a top window, after

passing through a 400 nm cut-off short-pass optical filter (Edmund Optics) to remove any visible light pro-

duced by the UV-A bulbs. This was necessary because we found in pilot experiments that the additional

vertically supplied visible light inhibited standard phototactic hormogonia induction. For analyses,
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scytonemin/hormogonia co-induction cultures were transferred from agar plates to microscope slides us-

ing a scalpel and photographed on a Carl Zeiss Axioscope.A1 at 10003 magnification using an Axiocam

105 color camera. They were inspected for morphologically identifiable hormogonia, and for the typical

extracellular coloration imparted by scytonemin. UV-A exclusive hormogonia induction was carried out

by plating strains from liquid cultures on to solid AAmedium and incubating under UV-A irradiation without

supplemental PAR for 48–96 h. Hormogonia spreading was quantified by measuring the area occupied by

initial colony biomass and the area swept out by whisks of hormogonia using the Carl Zeiss Zen 3.1 soft-

ware, subtracting the former from the latter, and dividing the difference by the initial biomass area.

RNA extraction, sequencing and RNAseq analyses

Total RNA was extracted from appropriately incubated cultures (UV-A-induced or uninduced) of each test

stain (wild type, DRR and DReg) by being flash frozen and subjected to lysis by bead beating, followed by

precipitation with 4M lithium chloride 20 mM Tris and 10 mM EDTA followed by purification using a Qiagen

RNeasy spin column kit (Campbell et al., 2007a). Ribodepletion, cDNA synthesis and subsequent RNA

sequencing were performed at the Arizona State University Genomics Facility as follows. Four mg of total

RNA was submitted to ribodepletion using the MICROBExpress Bacterial mRNA Enrichment Kit (Ambion).

Directional cDNA libraries were synthesized using rRNA depleted samples. Three libraries per strain were

multiplexed and treatments sequenced independently on an Illumina NextSeq 500 using a v2 2x75 pair end

kit sequenced generating 76 base pair reads, obtaining on average 9,773,321 G 5,550,035 reads per sam-

ple, excluding 16 and 23S rRNA genes. Sequences were aligned and assembled to theNostoc punctiforme

PCC 73102 genome using Rockhopper (Tjaden, 2015) on default parameters independently for each repli-

cate. Differential expression between mutants and UV treatments was calculated using the DEseq algo-

rithm in Rockhopper (Tjaden, 2015). Given the roughly 6000 non rRNA genes in the N. punctiforme

genome, only transcripts whose differential expression had a q-value (a false discovery rate corrected p

value) of less than 10�15 were considered significant for downstream analyses. Contiguous genes of known

function that exhibited similar degrees of differential expression were considered to be co-regulated.

Reads per kilobase million for each gene from the Rockhopper output were square root transformed to

accentuate expressional differences over a broader dynamic range. Heatmaps were constructed using

Pheatmap (Kolde and Antoine, 2015)

Targeted analysis by RT-qPCR

Five-hundred ng of total RNA was used to synthesize cDNA using the Protoscript first-strand cDNA synthe-

sis kit and random hexamer primers (New England Biolabs) according to manufacturer’s protocols. 1 mL of

resulting cDNAwas used as qPCR template. Transcripts were amplified using primer sets targeting specific

genes as described in Table S1, using an ABI 7900 HT Real-time PCR system and PerfeCTa SYBR Fastmix

according to manufacturer’s protocols. Transcript level was quantified in three technical replicates of each

treatment using the 2�DDCTmethod with expression normalized relative to rnpB as previously done byGon-

zalez et al., (2019), and results averaged per treatment.

Bacterial adenylate cyclase two-hybrid assays

The bacterial adenylate cyclase two-hybrid assay (BACTH) was employed to probe protein-protein interac-

tion between HcyC (Npun_F1684) and HcyA (Npun_F1682) with the putative phosphorylated serine resi-

dues replaced with alanine, as well as sigma factors C, F, and J. To construct a plasmid encoding HcyC

fused to the T25 fragment of B. pertussis adenylate cyclase for bacterial adenylate cyclase two-hybrid

(BACTH) analysis (Battesti and Bouveret, 2012; Karimova et al., 1998), the coding region gene was amplified

via PCR and cloned into pKT25 as an XbaI-KpnI fragment using restriction sites introduced on the primers.

BTH101 (adenylate cyclase-deficient) E. coli strains transformed with appropriate plasmids were streaked

onto Lysogeny Broth (LB) agar plates containing 100 mg/mL Ampicillin and 50 mg/mL Kanamycin, and incu-

bated at 30 �C for 48 h. For each strain, 1 mL of LB containing 100 mg/mL Ampicillin, 50 mg/mL Kanamycin

and 0.5 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) was inoculated with several colonies from the

plate, and cultures were then incubated overnight at 30 �C with shaking at 230 rpm. Subsequently, 2 mL

were taken from each overnight culture and spotted onto MacConkey agar plates containing 100 mg/mL

Ampicillin and 50 mg/mL Kanamycin. Plates were incubated at 30 �C for 48 h prior to imaging.
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QUANTIFICATION AND STATISTICAL ANALYSES

Replication for phenotypic analyses was at least 3, and statistical significance was assessed through t-tests.

For transcriptomic analyses, and given the roughly 6000 non rRNA genes in the N. punctiforme genome,

only transcripts whose differential expression had a q-value (a false discovery rate corrected p value) of

less than 10�15 were considered significant for downstream analyses.
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