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ABSTRACT Filamentous, heterocyst-forming cyanobacteria belonging to taxonomic

subsections IV and V are developmentally complex multicellular organisms capable

of differentiating an array of cell and filament types, including motile hormogonia.

Hormogonia exhibit gliding motility that facilitates dispersal, phototaxis, and the es-

tablishment of nitrogen-fixing symbioses. The gene regulatory network (GRN) gov-

erning hormogonium development involves a hierarchical sigma factor cascade, but

the factors governing the activation of this cascade are currently undefined. Here,

using a forward genetic approach, we identified hrmK, a gene encoding a putative

hybrid histidine kinase that functions upstream of the sigma factor cascade. The de-

letion of hrmK produced nonmotile filaments that failed to display hormogonium

morphology or accumulate hormogonium-specific proteins or polysaccharide. Tar-

geted transcriptional analyses using reverse transcription-quantitative PCR (RT-qPCR)

demonstrated that hormogonium-specific genes both within and outside the sigma

factor cascade are drastically downregulated in the absence of hrmK and that hrmK

may be subject to indirect, positive autoregulation via sigJ and sigC. Orthologs of

HrmK are ubiquitous among, and exclusive to, heterocyst-forming cyanobacteria.

Collectively, these results indicate that hrmK functions upstream of the sigma factor

cascade to initiate hormogonium development, likely by modulating the phosphory-

lation state of an unknown protein that may serve as the master regulator of hor-

mogonium development in heterocyst-forming cyanobacteria.

IMPORTANCE Filamentous cyanobacteria are morphologically complex, with sev-

eral representative species amenable to routine genetic manipulation, making

them excellent model organisms for the study of development. Furthermore, two

of the developmental alternatives, nitrogen-fixing heterocysts and motile hor-

mogonia, are essential to establish nitrogen-fixing symbioses with plant partners.

These symbioses are integral to global nitrogen cycles and could be artificially

recreated with crop plants to serve as biofertilizers, but to achieve this goal, de-

tailed understanding and manipulation of the hormogonium and heterocyst

gene regulatory networks may be necessary. Here, using the model organism

Nostoc punctiforme, we identify a previously uncharacterized hybrid histidine ki-

nase that is confined to heterocyst-forming cyanobacteria as the earliest known

participant in hormogonium development.

KEYWORDS gliding motility, development, Nostoc punctiforme, cell motility,

cyanobacteria, developmental biology, histidine kinase, hormogonia, two-component

regulatory systems

Filamentous cyanobacteria belonging to taxonomic subsections IV and V are devel-

opmentally complex multicellular organisms (1). The vegetative filaments of these

bacteria are composed of cells that actively grow and divide while performing oxygenic

photosynthesis and can differentiate alternative cell or filament types. Under conditions

where reduced nitrogen is limiting, approximately every 10th cell along the filament
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will differentiate into a nitrogen-fixing heterocyst (2). In response to other environmen-

tal factors, such as light or phosphate limitation, filaments can differentiate akinetes,

metabolically dormant cells analogous to bacterial endospores, which are resistant to

cold and desiccation (3). Last, filaments are capable of developing into hormogonia,

motile filaments that facilitate the dispersal, phototaxis, and establishment of nitrogen-

fixing symbioses (1, 4–6). Of these three developmental alternatives, heterocyst differ-

entiation is by far the most well understood at the molecular level, having been the

focus of intense study for several decades (2). In contrast, the genetic control of akinete

and hormogonium development is much less defined. However, in recent years,

considerable advances have been made by applying molecular approaches to define

the hormogonium gene regulatory network (GRN) in the model filamentous cyanobac-

terium Nostoc punctiforme (7).

Initiation of hormogonium development is influenced by a complex assortment of

signals that include light quality and quantity, nutrient concentrations, autogenic

repressors, and signals from symbiotic partners (8–14). Once initiated, differentiating

hormogonia undergo a round of synchronous cell division accompanied by architec-

tural remodeling and filament fragmentation at heterocyst-vegetative cell junctions

and necridia (apoptotic cells) to produce the distinctive hormogonium morphology,

short filaments of smaller, rod-shaped cells that are devoid of heterocysts and which

frequently display tapered filament termini (1). Once differentiated, subsequent cell

growth and division are arrested (8), but filaments maintain metabolic activity to power

gliding motility. Motility is driven by bipolar, circumferential arrays of type IV pilus

motors (15) and is accompanied by the deposition of a hormogonium-specific poly-

saccharide (HPS) essential for movement (16).

Recent evidence indicates that the GRN promoting hormogonium development

involves the activation of a hierarchical sigma factor cascade (7). At the top of this

cascade is sigJ, which in turn either directly or indirectly activates the transcription of

sigC and sigF, as well as a majority of the genes involved in architectural remodeling,

the type 4 pilus (T4P) motor, and hormogonium-specific signal transduction systems. In

turn, sigC promotes the expression of many genes associated with reductive cell

division, while sigF has a remarkably limited regulon that consists primarily of pilA,

which encodes the major pilin of the T4P system. Two signal transduction systems, the

Hmp chemotaxis (16, 17) and Hmp partner-switching systems (18), also influence

hormogonium development but appear to act downstream of the sigma factor cas-

cade, as their transcription is influenced by sigJ and sigC, and they are dispensable for

the development of morphologically distinct hormogonia. Notably, a substantial subset

of hormogonium-specific genes, including several required for HPS synthesis, are still

upregulated upon hormogonium induction in the absence of sigJ, implying that

unidentified components of the hormogonium GRN, including a potential hormogo-

nium master regulator, act upstream of sigJ (7).

One likely candidate to serve as the upstream activator is a two-component or

phosphorelay system, where a sensor histidine kinase, upon perception of a signal,

either directly (two-component), or indirectly through a histidine phosphotransferase

protein (Hpt) intermediary (phosphorelay), phosphorylates a response regulator to elicit

an appropriate cellular response (19). Response regulators control a variety of functions,

including, most commonly, modulation of transcription. Such systems have been

shown to serve as master regulators in other bacterial developmental programs,

including fruiting body development in Myxococcus xanthus (20) and sporulation in

Bacillus subtilis (21).

In this study, we apply a forward genetic approach to identify HrmK, a putative

hybrid histidine kinase required for hormogonium development in N. punctiforme.

Phenotypic characterization and targeted transcriptional analyses of the hrmK deletion

strain indicate that hrmK acts upstream of the sigma factor cascade in the hormogo-

nium GRN to initiate the developmental program.
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RESULTS

Identification of hrmK, encoding a hybrid histidine kinase regulating hormogo-

nium development. During an ongoing study using transposon mutagenesis to identify

genes involved in hormogonium development and motility (22), three nonmotile mutants

with unique transposon insertions in a gene here designated hrmK (hormogonium hybrid

histidine kinase, open reading frame Npun_R3825) were identified (Fig. 1A). The gene

encodes a putative hybrid histidine kinase (HHK), with the C-terminal portion containing

FIG 1 Characterization of hrmK. (A) Gene map of the hrmK locus. Triangles indicate the sites of

transposon insertions. HisKA, His kinase A (phosphoacceptor) domain; HATPase, ATPase domains of

histidine kinase; REC, response regulator receiver domain. (B) Plate motility assays of the wild-type strain,

ΔhrmK mutant, and ΔhrmK mutant with hrmK expressed in trans from a shuttle vector (�hrmK) (as

indicated). Images were taken at 2 days and 7 days postinduction. (C) Light micrographs of the filament

morphology for the wild-type and ΔhrmK mutant strains (as indicated) at 0 h and 24 h post-

hormogonium induction (as indicated). Carets indicate the presence of heterocysts attached to filaments.

(D) RT-qPCR of hrmK in the wild-type, ΔsigJ mutant, and ΔsigC mutant strains 0 and 18 h after induction

for hormogonia. *, P � 0.05; **, P � 0.01, as determined by two-tailed Student’s t test between the wild

type and each deletion strain at the corresponding time point. !, P � 0.05; as determined by two-tailed

Student’s t test between 0 and 18 h for the same strain.
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the phosphoacceptor (pfam00512) and HATPase (pfam02518) domains of a typical histi-

dine kinase, followed by a response regulator receiver domain (REC, pfam00072). The

N-terminal portion of HrmK lacks homology to any previously characterized sensory

domains (NCBI BLASTP), and based on the absence of predicted transmembrane domains

(23), it is unlikely that HrmK is a transmembrane sensor. Genomic context (24) and

previously published RNA sequencing (RNA-seq) data (7) indicate that hrmK is monocis-

tronic and encodes an orphan HHK with no potential cognate Hpt or response regulator

proteins encoded at the same genetic locus.

To confirm that hrmK is required for hormogonium development and/or motility, a

strain with an in-frame deletion of hrmK was constructed and characterized. The

deletion of hrmK completely abolished motility, as evidenced by the lack of colony

spreading in plate motility assays and the absence of motility for individual filaments

observed by time-lapse microscopy (Fig. 1B; see also Movie S1 in the supplemental

material). The loss of motility in the ΔhrmK mutant strain could be complemented by

the reintroduction of hrmK, along with its 5= intergenic region, in trans on a replicative

shuttle vector, although there was a substantial delay in the appearance of colony

spreading (Fig. 1B).

We routinely employ the supplementation and subsequent removal of 4 mM sucra-

lose from the growth medium to synchronously induce hormogonium development

(25). However, higher concentrations of sucralose lead to the formation of aseriate

colonies, which become encapsulated in a thick polysaccharide sheath (25). It was

noted that the ΔhrmK mutant strain was more sensitive to sucralose, forming aseriate

colonies in liquid cultures at 4 mM sucralose instead of 6 mM sucralose for the wild type

(Fig. S1). We therefore employed supplementation and removal of 2 mM sucralose for

induction of hormogonia in the ΔhrmKmutant strain to avoid complications that might

arise from attempting to induce hormogonia from the aseriate colonies, where washing

of the filaments to remove sucralose could be impeded by the presence of the thick

polysaccharide sheath.

In liquid cultures prior to induction, filaments of the ΔhrmK mutant strain contained

cells that were larger and more spherical than those of the wild type (Fig. 1C and S2).

Following induction, the ΔhrmK mutant strain failed to show any of the characteristics

of wild-type hormogonium morphology, which include a reduction in cell size, loss of

heterocysts, and the appearance of tapered filament termini (Fig. 1C and S2). This

morphological analysis could indicate that hrmK functions at an early stage in hor-

mogonium differentiation, given that sigJ and sigC are currently the only other genes

known to be required for the development of morphologically distinct hormogonia (7).

Previous transcriptomic analyses have indicated that the expression of hrmK is

moderately enhanced in developing hormogonia (7) and that this induction is dimin-

ished in the absence of sigJ or sigC. To confirm this transcriptional profile, the hrmK

transcript was quantified by reverse transcription-quantitative PCR (RT-qPCR) at 0 and

18 h postinduction in the wild-type, ΔsigJmutant, and ΔsigCmutant strains. The results

confirmed hormogonium-specific induction of hrmK that is both sigJ and sigC depen-

dent (Fig. 1D).

hrmK is required for the accumulation of hormogonium-specific proteins and

polysaccharide. The absence of obvious hormogonium morphology does not neces-

sarily preclude the activation of a substantial portion of the hormogonium GRN. For

example, both sigC and sigJ are required for the development of morphologically

distinct hormogonia, but only the deletion of sigJ completely prevents hormogonium-

specific production of the major pilin PilA or the methyl-accepting chemotaxis-like

protein HmpD (7). To further probe which portions of the hormogonium GRN may be

disrupted in the ΔhrmK mutant strain, immunological and lectin-based assays were

employed to measure the accumulation of PilA, HmpD, and HPS. The results from

immunoblot analysis demonstrated that unlike the wild-type strain, the ΔhrmK mutant

strain failed to accumulate detectable levels of either PilA or HmpD following hor-

mogonium induction (Fig. 2A). When staining for accumulated extracellular HPS,

heterocyst-specific staining with Ulex europaeus agglutinin (UEA)-fluorescein was de-
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tected in both the wild-type and ΔhrmK mutant strains prior to hormogonium induc-

tion, due to cross-reaction of UEA-fluorescein with heterocyst envelope polysaccharide,

as previously reported (Fig. 2B) (26). However, upon hormogonium induction, the

wild-type strain accumulated large amounts of HPS loosely associated with the fila-

ments, while no obvious increase was observed for the ΔhrmK mutant strain (Fig. 2B).

hrmK acts upstream of sigJ in the hormogonium GRN. The phenotype of the

ΔhrmK mutant strain is essentially indistinguishable from that of a sigJ deletion strain

(7), indicating that hrmK is an early-acting factor in the hormogonium GRN, possibly

either immediately upstream or downstream of sigJ. To distinguish between these two

possibilities and to provide additional supporting evidence to integrate hrmK into a

model of the network, RT-qPCR was used to quantify the expression of each of the three

hormogonium-specific sigma factors (sigJ, sigC, and sigF), a downstream target for each

(pilB, hfq, and pilA, respectively), as well as hpsE, a gene induced in hormogonia

independently of the sigma factor cascade (Fig. 3). In the wild-type strain, the expres-

sion of each gene was upregulated upon hormogonium induction, as previously

reported (7). In the ΔhrmK mutant strain, the expression of both sigJ and sigF and their

downstream targets pilB and pilA, respectively, is drastically reduced compared to that

of the wild type prior to induction and is no longer enhanced postinduction. The

transcription of sigC and its downstream target hfq was also substantially reduced in

the ΔhrmK mutant strain compared to that in the wild type prior to induction. A

moderate increase in the expression of sigC and hfq was observed in the ΔhrmKmutant

FIG 2 Effect of hrmK on accumulation of HmpD, PilA, and HPS. (A) Immunoblot analysis of HmpD, PilA,

and RbcL in the wild-type and ΔhrmK mutant strains (as indicated) 0 and 24 h after hormogonium

induction. RbcL is the large subunit of RuBisCO and serves as a protein loading control. (B) Fluorescent

lectin staining of HPS in the wild-type and ΔhrmK mutant strains (as indicated). Depicted are merged

images of fluorescence micrographs acquired using a 10� lens objective from cellular autofluorescence

(red) and HPS (yellow) (strains as indicated) 0 and 24 h after hormogonium induction.
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strain postinduction, but transcript levels remained well below those observed either

before or following induction in the wild-type strain. Finally, hpsE expression was also

reduced in the ΔhrmK mutant strain and was not differentially upregulated following

induction. These data imply that hrmK acts upstream of sigJ and promotes the expres-

sion of other hormogonium-specific genes independent of the sigma factor cascade.

Evolutionary conservation of hrmK. Orthologs of genes essential for hormogo-

nium development and motility in N. punctiforme are conserved in a large number of

cyanobacteria. In some cases, they are widely distributed among both filamentous and

unicellular species, such as those encoding the hormogonium-specific sigma factors (7),

the T4P system (26), and the Hmp chemotaxis-like system (26). In others, the genes

appear to be confined to filamentous cyanobacteria, as is the case for the Hmp

partner-switching system (18) and several genes associated with HPS synthesis (16, 26).

In contrast, hrmK is ubiquitous and exclusive to the heterocyst-forming cyanobacteria

in taxonomic subsections IV and V (Fig. 4). Of the 24 heterocyst-forming cyanobacteria

analyzed, only two fail to encode an ortholog of HrmK. Conversely, only 2 orthologs

were detected in the 101 non-heterocyst-forming strains, one in a filamentous cyano-

bacterium (Leptolyngbya boryana sp. strain PCC 6306), and the other in a unicellular

strain closely related to heterocyst formers (Gloeocapsa sp. strain PCC 7428). Homolo-

gous proteins identified outside the cyanobacterial lineage (NCBI BLASTP) only share

sequence similarity within the C-terminal signaling domain, indicating that HrmK is

unlikely to have been acquired via recent horizontal gene transfer. Therefore, it appears

that HrmK is an HHK with a unique sensory domain that is confined primarily to

heterocyst-forming cyanobacteria.

DISCUSSION

Figure 5 presents a working model of the hormogonium GRN, where hrmK indirectly

promotes the transcription of both sigJ (to activate the hormogonium sigma factor

cascade) and other hormogonium-specific genes independent of this cascade. This

model is supported by the absence of hormogonium morphology, failure to accumu-

late hormogonium-specific proteins and polysaccharide, and reduced transcription of

hormogonium-specific genes in the ΔhrmK mutant strain. Critically, the transcription of

hpsE is diminished in the ΔhrmK mutant strain but not in any of the sigma factor

deletion strains previously analyzed (7), providing key data indicating that hrmK acts

upstream of the sigma factor cascade. Furthermore, the fact that transcription of hrmK

FIG 3 RT-qPCR of hormogonium-specific gene expression (as indicated) in the wild-type and ΔhrmK mutant strains 0 and 18 h after induction for hormogonia.

*, P � 0.05; **, P � 0.01, as determined by two-tailed Student’s t test between the wild-type and ΔhrmK mutant strains at the corresponding time point. !,

P � 0.05; !!, P � 0.01, as determined by two-tailed Student’s t test between 0 and 18 h for the same strain.
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FIG 4 Evolutionary conservation of HrmK in cyanobacteria. Shown is a heat map depicting the percent

identity for orthologs of N. punctiforme HrmK in cyanobacteria, derived from data reported by Cho et al.

(26). The species organization and phylogenetic tree are based on the phylogeny reported by Shih et al.

(Continued on next page)
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is reduced in the absence of both sigJ and sigC indicates the presence of an indirect

positive-feedback loop between these three genes, where sigJ promotes expression of

sigC, which in turn enhances the transcription of hrmK. This model is also supported by

previous experiments showing that enhanced expression of sigJ in hormogonia is sigC

dependent (7). Given the presence of this positive-feedback loop, care must be taken

in establishing the order of each component in the GRN; thus, while the available

evidence is most consistent with hrmK as the earliest acting factor in the network,

additional experimentation may be needed to definitively resolve the order.

Notably, despite the static expression of sigJ in the absence of sigC, the sigJ-

dependent regulon is still rapidly upregulated upon hormogonium induction (7), an

observation that could be accounted for by posttranscriptional regulation of sigJ. In

contrast to the deletion of sigC, the deletion of hrmK drastically reduced sigJ expression

to levels well below that of wild-type vegetative filaments and also abolished the

upregulation of sigJ-dependent genes, indicating that hrmK regulates sigJ at the

transcriptional level and is essential for its expression. These findings demonstrate that

the hormogonium GRN is similar to those that control other developmental processes

in bacteria, perhaps most notably sporulation in the Bacillus genus, where a phospho-

relay system controls the initiation of a sigma factor cascade (21). It is also notable that

the ΔhrmKmutant strain displayed increased sensitivity to sucralose with respect to the

formation of aseriate colonies. Currently, little is known about the genetic regulation of

this morphology, but it appears to be negatively influenced by the activity of hrmK.

Thus, it seems likely that hrmK may function as a switch that simultaneously promotes

the hormogonium GRN while suppressing the mutually exclusive aseriate morphology.

Presumably, HrmK is not directly affecting transcription but is modulating the

phosphorylation state of a downstream response regulator, possibly a transcriptional

activator or repressor, to control its activity. Typically, HHKs participate in phosphore-

lays where the phosphate is passed from the REC domain of the HHK to a standalone

Hpt protein and subsequently to a response regulator (19). However, HrmK is an orphan

HHK with no obvious partner Hpt or response regulator proteins encoded at the same

genetic locus. This makes identifying the additional components of the putative

phosphorelay more challenging. Moreover, the genomes of N. punctiforme and several

other cyanobacteria investigated in a previous study are largely devoid of obvious Hpt

proteins that would serve as intermediaries between HrmK and its cognate response

regulator (27). Perhaps, cyanobacteria possess cryptic Hpt proteins that are not easily

identified based on sequence similarity. It is also possible that HrmK participates in a

less common type of phosphorelay similar to that which controls type III chromatic

FIG 4 Legend (Continued)

(36) but depicting the finding, as reported by Schirrmeister et al. (37), that most extant cyanobacteria are

derived from a filamentous ancestor. For the phylogenetic tree, green indicates filamentous and black

indicates unicellular.

FIG 5 A model depicting the major findings of this report on the role of hrmK in the hormogonium GRN.

Arrows indicate positive regulation, and lines with bars indicate negative regulation. The thickness of the

arrows represents a combination of the number of genes regulated and the stringency of the regulation.
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acclimation in the cyanobacterium Fremyella diplosiphon (28). In this system, the

histidine kinase RcaE passes phosphate to a standalone REC domain protein, RcaF,

which in turn phosphorylates an Hpt domain on RcaC, a transcriptional regulator that

contains both an Hpt and multiple REC domains (29). Notably, there are several RcaC

homologs encoded in the N. punctiforme genome (24). Alternatively, HrmK may directly

phosphorylate a response regulator. Identifying the additional components of the

HrmK signal transduction system is a critical area for future work.

Another aspect of HrmK that requires further investigation is the role of the

N-terminal sensory domain. This domain is found exclusively in heterocyst-forming

cyanobacteria and has not been previously characterized, making the prediction of its

sensory capacity difficult. Given the absence of any detectable transmembrane do-

mains within HrmK, it is likely to sense an intracellular, rather than extracellular, signal.

It is clear, based on its conservation, that HrmK probably plays a critical role in

promoting hormogonium development in all heterocyst-forming cyanobacteria. Fur-

ther studies will be required to answer these outstanding questions.

MATERIALS AND METHODS

Strains and culture conditions. For a detailed description of the strains used in this study, refer to

Table S1 in the supplemental material. N. punctiforme ATCC 29133 and its derivatives were cultured in

Allen and Arnon medium diluted 4-fold (AA/4), without supplementation of fixed nitrogen, as previously

described (30), with the exception that liquid cultures were supplemented with 4 mM (for the wild-type

strain) or 2 mM (for the ΔhrmK mutant strain) sucralose, and solid medium was supplemented with

10 mM sucralose, to inhibit hormogonium formation (25). For small-scale hormogonium induction for

phenotypic analysis, the equivalent of 30 �g ml�1 chlorophyll a (Chl a) of cell material from cultures at

a Chl a concentration of 10 to 20 �g ml�1 was harvested at 2,000 � g for 3 min, washed two times with

AA/4, and resuspended in 2 ml of fresh AA/4 without sucralose. For large-scale hormogonium induction

for RNA extraction and subsequent RT-qPCR analysis, this process was repeated but starting with the

equivalent of 300 �g ml�1 Chl a of cell material and resuspension in 50 ml of fresh AA/4. For selective

growth, the medium was supplemented with 50 �g ml�1 neomycin. Escherichia coli cultures were grown

in lysogeny broth (LB) for liquid cultures or LB supplemented with 1.5% (wt/vol) agar for plates. Selective

growth medium was supplemented with 50 �g ml�1 kanamycin, 50 �g ml�1 ampicillin, and 15 �g ml�1

chloramphenicol.

Plasmid and strain construction. For a detailed description of the plasmids, strains, and oligonu-

cleotides used in this study, refer to Tables S1 and S2. All constructs were sequenced to ensure fidelity.

To construct a plasmid for in-frame deletion of hrmK, approximately 900 bp of flanking DNA on either

side of the gene and several codons at the beginning and end of the gene were amplified via overlap

extension PCR (see Tables S1 and S2 for details) and cloned into pRL278 (31) as BamHI-SacI fragments

using restriction sites introduced on the primers.

To construct a mobilizable shuttle vector containing hrmK and its respective promoter region, the

coding region and 5= intergenic region were amplified via PCR (see Tables S1 and S2 for details) and

subsequently cloned into pAM504 (32) as a BamHI�SacI fragment using restriction sites introduced on the

primers.

The generation of transposon mutants and identification of transposon insertion sites were per-

formed as previously described (22) using plasmid pRL1063a (33). Gene deletions were performed as

previously described (16) with N. punctiforme cultures supplemented with 4 mM sucralose to inhibit

hormogonium development and enhance conjugation efficiency (22, 25). To construct the ΔhrmKmutant

strain, pDDR420 was introduced into wild-type N. punctiforme, creating strain UOP139.

Motility assays. Both plate and time-lapse motility assays were performed as previously described

(15).

RT-qPCR. Total RNA was extracted from the equivalent of 300 �g ml�1 Chl a of cell material for each

of 3 biological replicates from each strain at 0 and 18 h following hormogonium induction, using

previously published methods (30). Five hundred nanograms of total RNA was used to synthesize cDNA

with the ProtoScript first-strand cDNA synthesis kit and random hexamer primers (New England BioLabs,

Inc.), following the specifications of the manufacturer, after which 2 �l of cDNA was used as the template

for quantitative PCR (qPCR). Transcripts were amplified with the primer sets indicated in Table S2, using

a StepOnePlus real-time PCR system (Applied Biosystems) and SensiFAST SYBR No-ROX kit (Bioline),

following the manufacturer’s specifications. Quantification of transcript abundance was calculated from

the average of two technical replicates from each of the three biological replicates using the 2�ΔΔCT

method (34), with expression normalized relative to rnpB. The primer efficiencies for each primer pair

were all greater than 90%.

Immunological and lectin-based analyses. Preparation of cell material, protein extraction, and

detection of PilA, RbcL, and HmpD by immunoblot analysis were performed as previously described (26).

Detection of HPS by fluorescent lectin staining was performed as previously described (26).

Microscopy. Light microscopy of filament morphology was performed using a Leica DM E light

microscope with a 40� lens objective and equipped with a Leica DFC290 digital camera controlled by
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micromanager imaging software (35). Quantification of cell length and the percentage of filaments with

attached heterocysts were determined as previously described (22).

Fluorescence microscopy was performed with an Evos FL fluorescence microscope (Life Technolo-

gies) equipped with a 10� lens objective. Excitation and emission were as follows: EVOS light cube,

green fluorescent protein (GFP; AMEP4651), excitation at 470 � 22 nm and emission at 525 � 50 nm) for

UEA-fluorescein labeled HPS, and Evos light cube, red fluorescent protein (RFP; AMEP4652), excitation at

531 � 40 nm and emission at 593 � 40 nm for cellular autofluorescence.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.

SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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