Discrimination between Synechocystis members (Cyanobacteria) 
based on heterogeneity of their 16S rRNA and ITS regions

Mojca Juteršek, Marina Klemenčič and Marko Dolinar *

Department of Chemistry and Biochemistry, Faculty of Chemistry and Chemical Technology, University of Ljubljana, Večna pot 113, SI-1000 Ljubljana, Slovenia


* Corresponding author
E-mail: marko.dolinar@fkkt.uni-lj.si


Abstract
Cyanobacteria are an important group of microorganisms displaying a range of morphologies that enable phenotypic differentiation between the major lineages of cyanobacteria, often to the genus level, but rarely to species or strain level. We focused on the unicellular genus Synechocystis that includes the model cyanobacterial strain PCC 6803. For 11 Synechocystis members obtained from cell culture collections, we sequenced the variable part of the 16S rRNA-encoding region and the 16S - 23S internally transcribed spacer (ITS), both standardly used in taxonomy. In combination with microscopic examination we observed that 2 out of 11 strains from cell culture collections were clearly different from typical Synechocystis members. For the rest of the samples, we demonstrated that both sequenced genomic regions are useful for discrimination between investigated species and that the ITS region alone allows for a reliable differentiation between Synechocystis strains.
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Introduction
Cyanobacteria are Gram-negative prokaryotes characterized by their ability to execute oxygenic photosynthesis. They inhabit various environments, from oceans to freshwaters, but also including extreme locations such as deserts, hot springs and hypersaline habitats.1 As a consequence, there is a considerable morphological diversity among these organisms, which was traditionally the key for taxonomic classification of cyanobacteria. However, improper growth conditions of wild strains when transferred to laboratory environment may result in the loss of morphological characteristics2,3 which consequently leads to misidentification and false classification. 

To overcome variable morphological criteria, DNA-based methods are becoming widely applied in the identification and cataloguing of cyanobacteria, either as the sole method of identification or in combination with phenotypic and ecological characterization.4 Adherent to classification of other bacteria, DNA-based taxonomy in cyanobacteria is mostly based on similarity in their 16S rRNA sequences, with the assumption that individuals of the same species share greater sequence similarity than individuals of different species.5 Although overall evolution of the 16S rRNA gene is rather slow, there are regions that are more variable, which allows for studying evolutionary relationships both between distant and closely related groups of organisms.6,7 

Phylogenetic analysis based on 16S rRNA relies on the presumption that its gene only occurs in one copy per genome, or in case of multiple rRNA genes, that they are identical in sequence. Cyanobacteria commonly contain multiple ribosomal RNA operons and point–mutations can often be found in paralogous 16S rRNA gene copies. But since sequence heterogeneity is relatively low (mean = 0.2%), it is believed to have no significant impact on determining phylogenetic relationships.8 Although the use of 16S rRNA gene sequences remains a common tool for identification of organisms to the species level, doubts were expressed whether there is sufficient variability in 16S rRNA gene sequences to allow for discrimination at the subgeneric level.9

Owing to increasing number of sequenced cyanobacterial genomes, which has already exceeded the number of 150,10 the current phylogenetic studies that are in part based on 16S rRNA, also include a selection of more variable sequences. In addition to sequences of protein-coding genes, e.g. psbA, rbcL, rnpB, rpoC, gyrB,11,12 research has increasingly focused on the internal transcribed spacer of ribosomal RNA genes (16S–23S rRNA-ITS).13 With its variable length and number,14 rRNA ITS region is becoming a popular tool in identification and classification of cyanobacteria.15 Three types of ITS regions were identified up to now in cyanobacteria, differing in the presence or absence of specific tRNA genes (reviewed by Sarma,16): the first type contains both tRNAIle and tRNAAla coding sequences (as found in Anabaena sp., Nostoc sp. or Synechococcus sp. PCC 6301), the second type contains only tRNAIle ( found e.g. in 47 strains of Microcystis, in Synechocystis sp. PCC 6803 and Spirulina sp. PCC 6313), while the third type has no identifiable tRNA-encoding sequence (as found in Nodularia sp. BCNO D9427). Restriction endonuclease digestion of amplified rRNA-ITS genomic segments has been used to delineate closely related cyanobacterial strains,17 whereas sequencing has been shown to be successful in analysis of subgeneric relationships of Microcystis18,19, Trichodesmium20, Synechococcus15,21, Prochlorococcus22, Aphanizomenon and Anabaena3 as well as various picocyanobacteria23.

Surprisingly, no in-depth taxonomic classification has been performed for the genus Synechocystis24. Although more than 20 species have been described and many more strains were deposited in culture collections, limited sequence data as well as lack of details at the subcellular level hinder adequate identification and classification. Several planktic species including S. salina, S. limnetica, S. aquatilis, and a few picoplanktic types are hardly morphologically distinguishable25, which calls for a molecular biological approach.

In our study, 11 different Synechocystis representatives were analysed for their 16S rRNA and ITS sequence properties. Up to now, 16S rRNA data were available only for a few strains, most of them not defined at the species level. ITS data were almost completely missing from databases. With our work we thus open ways for eventual ITS-based molecular discrimination between species and strains of the Synechocystis genus and present data that would be of equal interest for taxonomists, ecologists and evolution biologists investigating unicellular cyanobacteria.


Experimental

Cyanobacterial strains
Cyanobacterial strains used in our study are listed in Table 1. They were all obtained from established culture collections specialized in maintaining microalgae, except for S. nigrescens that was obtained from a general supplier of teaching consumables. Strain collections and their acronyms that appear in strain codes were: Culture Collection of Algae at Goettingen University (SAG), The Culture Collection of Algae and Protozoa (Scotland) (CCAP), Culture Collection of Autotrophic Organisms (Institute of Botany of the Academy of Sciences, Czech Republic) (CCALA), Pasteur Culture Collection of Cyanobacteria (PCC) and Carolina Biological Supply Company (Carolina). Most of the strains were catalogued with species names, except for three that were labelled with the genus and strain name/code. Although most of the strains were listed as non-axenic, microscopic inspection after several weeks of growth in our laboratory showed no or only minor contamination with other microorganisms.

All strains were cultured in liquid BG-11 medium (Sigma-Aldrich) with pH adjusted to 7.5 with 1 M HEPES, pH 8.6 (Calbiochem OmniPur grade) under constant cool white light (intensity of 25 µmol/m2s +/- 15%) and at room temperature (22 – 25°C). Synechocystis nigrescens was cultured in buffered BG-11 medium as above, with added NaCl to 500 mM final concentration.

Table 1. List of cyanobacterial strains used for morphological and sequence analyses
	Species
	Strain

	Synechocystis aquatilis
	SAG 90.79

	Synechocystis bourrellyi
	CCAP 1480/1

	Synechocystis fuscopigmentosa
	CCALA 810

	Synechocystis limnetica
	CCAP 1480/5

	Synechocystis minuscula
	SAG 258.80

	Synechocystis nigrescens
	Carolina

	Synechocystis pevalekii
	SAG 91.79

	Synechocystis salina
	CCALA 192

	Synechocystis sp.
	CCAP 1480/4

	Synechocystis sp.
	PCC 6714

	Synechocystis sp.
	PCC 6803



Polymerase chain reaction
Cells from mid- to late exponential phase culture (1 ml) were pelleted by centrifugation. Supernatant was discarded and cells were resuspended in 40 μl of sterile dH2O and heated for 10 min at 95°C. The lysed cells were used directly for PCR. Reactions were carried out in 20 μl mixtures containing 1 μl of boiled cell suspension, 1 × Taq-buffer with (NH4)2SO4, 2.5 mM MgCl2, 100 μM of each dNTP, 0.5 μM of each primer (Table 2) and 0.5 U of Taq-polymerase (Thermo Scientific), which was added to reaction mixtures after the initial denaturation. PCR reactions were carried out using the following programme: initial denaturation at 95°C for 5 min, 30 cycles of 95°C for 30 s, annealing at 55°C (for ITS amplification) or 60°C (for 16S rRNA gene amplification) for 30 s and elongation at 72°C for 1 min (16S) or 2.5 min (ITS) with a final extension step at 72°C for 7 min. PCR products were resolved on 1.2% or 1.5% agarose gels and visualized using ethidium bromide.

Table 2. List of specific primers used for amplification of 16S rDNA and ITS 
	Primer 
	Region
	Primer sequence (5'-3') 
	Reference

	CSIF
	ITS
	GTC ACG CCC GAA GTC GTT AC
	18

	ULR
	ITS
	CCT CTG TGT GCC TAG GTA TC
	18

	CY23R
	ITS
	CTC ATT CTT CAA CAG GCA C
	This study

	CYA106F
	16S
	CGG ACG GGT GAG TAA CGG TGA
	2

	CYA781Ra
	16S
	GAC TAC TGG GGT ATC TAA ATC TTA TT
	2

	CYA781Rb
	16S
	GAC TAC AGG GGT ATC TAA TCC CTT T
	2



We constructed the CY23R primer based on sequence alignment of 23S regions of 24 cyanobacterial species from 16 different genera found in sequence databases. A conserved region, identical in all aligned sequences (5' - GTGCCTGTTGAAGAATGAGCCGGCGA – 3') was used to design a primer with appropriate length and melting temperature to be used with the standard cyanobacteria-specific forward primer CSIF. Schematic representation of all the primers used is shown in Fig 1. CYA781Ra and CYA781Rb were always used as an equimolar mixture (0.5 μM) of both, in combination with 0.5 μM forward primer CYA106F.2
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Figure 1: Primer positions relative to the 16S and 23S coding regions. 
Nucleotide positions are labelled for reference as deducted from Synechocystis sp. PCC 6803 genome.


Cloning and sequencing
After electrophoresis, PCR products were excised from agarose gels and purified using GeneJet Gel Extraction Kit (Thermo Scientific). Purified products were ligated into pJET1.2 using CloneJET™ PCR Cloning Kit (Thermo Scientific). After transformation of competent Escherichia coli DH5α cells and plating onto selective media, plasmid DNA was isolated from overnight cultures of one to several independent clones using Plasmid MiniPrep Kit (Thermo Scientific). Sequencing was performed by Macrogen Europe using compatible universal primers annealing to the plasmid backbone.


Sequence analyses
For sequence comparisons, only the polymorphic segment of the 16S rRNA gene or the ITS region were used. For 16S rRNA analyses we used the region which corresponds to nucleotide positions 90–751 (spanning variable regions V2-V4) in Synechocystis sp. PCC 6803 16S rRNA gene as it has proven to be useful for identification of cyanobacteria.2 From ITS amplicons, the region spanning conserved domains D1 to D5 was analysed.26 All the sequences were compared to the non-redundant dataset of the GenBank collection using BLASTN.27 Individual pairwise alignments between sequences were performed using EMBOSS Water algorithm at the EMBL-EBI web server28 and multiple sequence alignments using MUSCLE algorithm in MEGA version 6 29 for ITS regions or concatenated 16S and ITS. For multiple alignments of 16S sequences we utilized RDP Aligner.30 Analyses of tRNA composition in sequenced ITS regions were performed both manually, by finding the conserved segments of ITS in multiple alignments and comparing them to known consensus sequences for tRNAIle and tRNAAla, as well as with tRNAscan-SE v.1.21 program via the Lowe Lab Webserver Interface.31 

In addition to cyanobacterial strains listed in Table 1, we investigated in detail the 16S rRNA coding and ITS regions of all three Synechocystis sp. strains whose complete genomes were sequenced up to now: PCC 6714, PCC 6803 and PCC 7509. These sequences are available in GenBank under ID codes CP007542.1, CP003265.1 and NZ_ALVU02000001.1, respectively.

Maximum-likelihood trees were built using MEGA version 6 29 applying the Jukes-Cantor model. Bootstrap resampling using 1000 replicates was performed to test the robustness of the trees. We built 3 trees, based on 16S, ITS or concatenated 16S and ITS sequences using sequences from strains analysed in this study (9 sequences for trees based on ITS and concatenated 16S and ITS sequences, and 10 for the tree based on 16S sequences, since from Synechocystis nigrescens we could only amplify 16S rRNA but not ITS region), sequences from two other Synechocystis strains with published whole genome sequence (Synechocystis sp. PCC 7509 and PCC 6714) and sequences from 4 fully sequenced non-Synechocystis strains, whose 16S or ITS regions showed high similarity to some of our analysed strains.


Results and Discussion

Microscopic investigation of the strains
Microphotographs of Synechocystis strains at 1000× magnification are presented in Fig 2. Cells of strains that later proved to be phylogenetically closest to Synechocystis sp. PCC 6803 and PCC 6714 (Synechocystis salina CCALA 192, Synechocystis sp. CCAP 1480/4 and Synechocystis minuscula) were similar in shape and size (1 – 2.5 (5) µm) to the typical morphology32 of Synechocystis members.

Synechocystis limnetica CCAP 1480/5 and Synechocystis bourrellyi CCAP 1480/1 resembled shape characteristics of Synechococcus genus members. Especially Synechocystis bourrellyi with cells several times longer than wide is evidently morphologically different from Synechocystis representatives and fits into description of Synechococcus-type cell shape: cells 1.5 up to more than 20 μm long and 0.4 to 6 μm wide, according to CyanoDB (http://www.cyanodb.cz/Synechococcus). We thus decided to interpret sequence data obtained with these two strains with care and from here on we label both strains with and asterisk (*) after the species name.

Three of the analysed strains showed cell diameters relatively large for the Synechocystis members. Synechocystis pevalekii SAG 91.79, Synechocystis nigrescens and Synechocystis aquatilis SAG 70.79 with diameters ranging from 3.5 to 5 m represent this group. Although the typical diameter for Synechocystis aquatilis is expected to be 4.5 to 7 m 33, these cells are larger than typical32 for Synechocystis members. According to their size, these three strains are similar to Geminocystis genus members (3 – 10 µm). Nevertheless we kept these strains for DNA analysis to find out the level of their relatedness to strains with the typical shape and size of Synechocystis members.
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Figure 2: Microphotographs of Synechocystis strains at 1000 magnification. 
(a) Synechocystis aquatilis SAG 90.79, (b) Synechocystis bourrellyi* CCAP 1480/1, (c) Synechocystis fuscopigmentosa CCALA 810, (d) Synechocystis limnetica* CCAP 1480/5, (e)
Synechocystis minuscula SAG 258.80, (f) Synechocystis nigrescens, (g) Synechocystis pevalekii SAG 91.79, (h) Synechocystis salina CCALA 192, (i) Synechocystis sp. CCAP 1480/4, (j) Synechocystis sp. PCC 6714, (k) Synechocystis sp. PCC 6803. Inverted microscope Nikon EclipseTE300 was used. Scale bar corresponds to 10 μm. * denotes species samples with atypical morphology for Synechocystis members.


It has been observed before that cyanobacterial systematics that is based on morphology alone is problematic, as cells change morphology in varying growth conditions. This has for example been shown for the picobacterium Cyanobacterium aponinum that displays a very different habitus in salt water (elongated cells) as compared to freshwater.34 In the literature, there are also reports that growth in laboratory conditions can alter cell phenotype as compared to natural growth conditions.35 A DNA-based analysis has a clear advantage over microscopic analysis in that it is not affected by eventual changes in cell morphology. On the other hand, with PCR-based methods there is a risk of polymerase errors and cross-contamination, possibly leading to ambiguous results.36 Furthermore, amplification of DNA from a minor population in non-axenic cultures can occur, especially when broad-specificity primers are used.2 A microscopic check of the starting material is thus always recommended. When we did so, we observed that two of the strains display a morphology that is atypical for Synechocystis members (consequently marked with an asterisk) and a few other strains had cells larger than typical for Synechocystis.

Without very good knowledge and long-standing expertise in microscopic investigation of unicellular cyanobacteria, cell morphologies might be inconclusive about the identity of the investigated species. The discrimination power of DNA is thus much higher and low-cost whole-genome sequencing might open doors to new approaches to strain identification. For the time being, DNA barcoding that is based on selected genomic regions seems to be a reasonable substitute. Even in the future, when polymorphic genomic regions are better understood, DNA barcoding will enable fast identification, possibly even of single cells.  

Amplification and cloning of genomic regions
For cloning and sequencing of ITS regions, PCR products obtained with CSIF and either ULR or CY23R reverse primer were used (Figure 3). Only with S. aquatilis, two PCR products were obtained (only the larger product can be clearly seen in Fig. 3) and sequenced that differed in ITS length. All other samples resulted in one PCR product only. Amplicon lengths using CSIF/ULR primers and deduced ITS lengths as obtained by sequencing are given in Table 3. 
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Figure 3: PCR amplification products of ITS regions for the 10 Synechocystis strains using CSIF and ULR primers, resolved on 1% agarose gel.
(a) Synechocystis sp. PCC 6803, (b) Synechocystis sp. PCC 6714, (c) Synechocystis sp. CCAP 1480/4, (d) Synechocystis salina CCALA 192, (e) Synechocystis minuscula SAG 258.80, (f) Synechocystis aquatilis SAG 90.79, (g) Synechocystis fuscopigmentosa CCALA 810, (h) Synechocystis pevalekii SAG 91.79, (i) Synechocystis limnetica* CCAP 1480/5, (j)
Synechocystis bourrellyi* CCAP 1480/1. Marker sizes are labelled to the left of the DNA ladder. * denotes species that in microscopic analysis showed atypical morphology for Synechocystis members.


Table 3. Summary of amplicon lengths using the combination of CSIF and ULR primers and deduced ITS lengths obtained for 10 Synechocystis representatives
Amplicon lengths were calculated from respective sequences after plasmid cloning of PCR products obtained with CSIF forward and CY23R or ULR reverse primer. ITS lengths correspond to the region spanning conserved domains D1 to D5.14 S. nigrescens ITS region could not be amplified using any of the primers listed in Table 2. 

	Species
	Amplicon length
	ITS length

	Synechocystis aquatilis
	418 or 479
	311 or 312

	Synechocystis bourrellyi*
	1185
	1018

	Synechocystis fuscopigmentosa
	512
	344

	Synechocystis limnetica*
	1056
	888

	Synechocystis minuscula
	645
	477

	Synechocystis pevalekii
	752
	587

	Synechocystis salina
	632
	466

	Synechocystis sp. CCAP 1480/4
	632
	467

	Synechocystis sp. PCC 6714
	631
	465

	Synechocystis sp. PCC 6803
	631
	465


* denotes species that in microscopic analysis showed atypical morphology for Synechocystis members.

According to ITS lengths (Table 3), Synechocystis members can roughly be divided into four groups. The shortest ITS regions (310-350 bp) were found in S. aquatilis and S. fuscopigmentosa (group A). Most of the analysed representatives belong to the group B with ITS lengths of between 460 and 480 bp (including S. minuscula, S. salina, CCAP 1480/4, PCC 6714 and PCC6803). Group C with intermediate size ITS region (587 bp) was represented by S. pevalekii, while the eventual group D displayed very long ITS regions (S. limnetica* 888 bp, S. bourrellyi* 1018 bp – both were morphologically atypical for Synechocystis members as can be seen in Fig. 2). These differences in ITS lengths allow for a rapid PCR-based differentiation between some of the Synechocystis members without sequencing, although strain determination cannot be achieved by using universal ITS primers alone. 

Iteman et al. reported that ITS regions of cyanobacteria vary in length from 283 to 545 bp 14, which is with exclusion of S. bourrellyi* and S. limnetica* true also for the ITS regions of the analysed Synechocystis strains (Table 3). Interestingly, ITS lengths of the two atypical species samples (1018 bp for S. bourrellyi* and 888 bp for S. limnetica*) correspond to the lengths that were reported for Synechococcus representatives,37 i.e. between 820 bp (WH 7803) and 1065 bp (PCC 7001). These results are in accordance with the morphological features of the two strains (Fig. 2), displaying characteristics of Synechococcus rather than Synechocystis species. Taken together, the great variety of the lengths of the ITS segments represents a good starting point for development of amplification-based approaches to differentiation between species and strains within the Synechocystis genus. 

Sequence comparisons

Sequences of 16S rRNA gene variable regions were determined for products of PCR amplification using primers CYA106F and CYA781Ra/b. All the sequences obtained within this work are deposited in GenBank (KT354181– KT354212 and KT371491– KT371499). Respective ID codes are listed in the following sections for each of the strains analysed.

We compared variable segments of 16S rRNA genes and complete ITS sequences from our experiments with those available in GenBank using BLAST. The result of the comparison was a list of sequences with highest levels of identity. Below, we are summarizing our findings for individual species/strains. 

In the text, the term ‘clone’ refers to sequences that we obtained on plasmid-cloned PCR products resulting from amplification of template DNA from individual cyanobacterial cell cultures.

Synechocystis aquatilis
S. aquatilis is the type species of the genus (Komárek, 2006) and there are several 16S rRNA encoding sequences deposited in the GenBank that enabled their easy alignment and analysis of inter-strain differences. We analysed two independent clones of the 16S rRNA region (IDs: KT354181, KT354182). Both our sequences displayed 99.5% identity to the database sequence KM020011.1 originating from the same strain and the same culture collection as ours. Three identical database sequences from 3 Cyanobacterium aponinum strains showed the second highest score (97% sequence identity to our sequence): KSU-WH-5 (ID: KT807478.1) collected in Saudi Arabia, lklSCC30 (ID: KM438201.1) collected in Greece and PCC 10605 (ID: CP003947.1), for which the complete genome38 is available. 

Up to now, partial or full 16S rRNA sequences of 8 other Synechocystis aquatilis strains have been deposited in GenBank. They did not appear among top-scored hits in our initial sequence comparison and were therefore separately aligned to our sequences using the multisequence alignment program Clustal W2. Comparison of 237 nucleotides shared by all the deposited sequences revealed close relation of our clones to sequences belonging to two different S. aquatilis strains (ISB32 and ISB33, isolated from hot springs in Iran) having 99.7% (1 polymorphic site) and 92.5% (18 polymorphic sites) sequence identity, respectively. Sequences of the 16S rRNA from other 6 Synechocystis aquatilis strains deposited in GeneBank differed substantially from our newly determined sequences and seem only distantly related to SAG 90.97. Either the strains are genetically substantially polymorphic or the depositors failed to properly determine the species.

BLASTN sequence similarity search comparing our 4 clones of the ITS region positioned Cyanobacterium aponinum PCC 10605 as the top match with 95% sequence identity. Except ours, there are no ITS sequences attributed to Synechocystis aquatilis currently deposited in GenBank. 

Synechocystis bourrellyi*
Sequences of two 16S rRNA-coding clones (IDs: KT354187, KT354188) and of one ITS region clone (KT354189) were compared to the complete GenBank dataset. The highest score (99.5% identity, 3 mismatches for KT354187 and 99.7% identity or 2 mismatches for KT354188) was shared with various strains of the Synechococcus genus (Synechococcus elongatus CCAP 1479/1B (ID: KM020008.1), Synechococcus sp. CCAP 1479/10 (ID: HE975006.1), Synechococcus sp. PCC 7009 (ID: AM709628.1), Synechococcus sp. EW15 (ID: DQ275602.1 and Synechococcus sp. BO8806 (ID: AF317072.1)). Comparison with complete genome sequences showed Cyanobium gracile PCC 6307 (ID: CP003495.1) with 99.2% (5 mismatches with KT354187) or 99.4% sequence identity (4 mismatches with KT354188) as the highest scoring result.

The ITS region we have amplified was unexpectedly long (Table 3 and Fig. 3). BLASTN search identified Synechococcus sp. PCC 7009 (ID: AM709628.1) as the highest score with only two mismatched nucleotides. As with 16S rRNA coding regions, complete genome sequence with the highest score was that of Cyanobium gracile PCC 6307 (ID: CP003495.1) with 92.9% sequence identity. 

Both 16S rRNA encoding and ITS region sequences thus demonstrate highest identities with members of the Synechococcus genus, but also of other related genera. This is in line with the microscopic observations (Fig. 2). Synechocystis members did not appear as top scores in the sequence comparisons we have performed. 

Synechocystis fuscopigmentosa
Two identical 16S rRNA-coding sequences were obtained (ID: KT371491) displaying 98.9% identity to the corresponding region of Geminocystis sp. NIES-3709 (ID: AP014821.1). 

Next, we analysed two sequences of the ITS region and also found them identical (ID: KT371492). BLASTN search results showed sequence from Cyanobacterium sp. PAP1 (ID: EF555569.1) as the most similar one, but the coverage was not complete since the GenBank submission for PAP1 strain does not contain full ITS sequence. Geminocystis sp. NIES-3709 (ID: AP014821.1) displayed the highest overall score among available sequences with complete coverage (96.8% identity).

Synechocystis limnetica*
Two 16S rRNA-coding clones were sequenced and analysed (IDs: KT354190, KT354191). Sequence alignment showed that among the cyanobacterial 16S rRNA sequences deposited in databases, S. limnetica* has the highest similarity with Synechococcus sp. MA0607K (ID: FJ763779.1), having 8 or 9 mismatches (for the two clones) in the variable segment alone. Sequence of the ITS region (1 clone sequenced; KT354192) has the highest identity, 87.6%, with Prochlorococcus marinus MIT9313 (whole genome, ID: BX548175.1). BLASTN search resulted in sequences with higher identity to our clone (up to 98%), but they were assigned to uncultured and taxonomically undefined organisms. Although Synechocystis limnetica* is highly related to Synechocystis bourrellyi* (97%) in the 16S variable region, it differs substantially in the ITS region (57%), as can be seen from Tables 4 and 5.

Synechocystis minuscula
Two clones of the 16S region were identical in sequence (ID: KT354193). The top search result after BLASTN sequence similarity analysis was a GenBank entry KM019989.1 from essentially the same strain, albeit 1 mismatch was detected. The second best results were Synechocystis salina LEGE 06155 (ID: HQ832911.1, isolated from the intertidal zone in Northern Portugal) and Synechocystis cf. salina LEGE 07073 (ID: HM217083.1, isolated from an estuarine habitat, also in Northern Portugal), both with 97.4% identity.

In the GenBank database we found a 16S rRNA coding sequence of another Synechocystis minuscula strain (AICB 62; ID: KJ746516.1), but it displayed only low identity (86.8%) with the sequence of our analysed strain. The AICB 62 strain originated from the Algal and Cyanobacterial Collection (AICB) of the Institute of Biological Research from Cluj-Napoca, Romania. 

The 4 clones of the ITS region differed only in the first nucleotide position so that pairs of sequences KT354195/KT354196 and KT354194/KT354197 were identical. They had the highest alignment score with the sequence of Synechocystis sp. PAK13 (ID: EF555571.1) and Synechocystis sp. PAK12 (ID: EF555570.1)32 with 84.7% identity, but these PAK strains sequences had only 75% of the total ITS region length covered. The best result with the full coverage of the ITS region was with Gloeothece sp. PCC 6909 (CCAP 1480/4, ID: HE975009.1), having 80% identity.

Synechocystis nigrescens
Two 16S rRNA coding sequences were analysed (IDs: KT354198 and KT354199). They displayed one mismatch when compared to each other. BLASTN analysis identified Synechocystis sp. SAG 37.92 (ID: KM020010.1) as the highest score with only one mismatch. All other sequences with high similarity were assigned to genera Geminocystis or Synechocystis.

The ITS region could not be analysed because we were unable to amplify it using any of the primer combinations from Table 2. This might point to the fact that the 5’ amplification primer was not hybridizing with the template despite the fact that the annealing region seems to be highly conserved2 among different cyanobacteria. 

Synechocystis pevalekii
Two 16S rRNA-coding sequences were analysed (IDs: KT354200 and KT354201). BLASTN analysis surprisingly showed Chamaesiphon subglobosus PCC 7430 (ID: AY170472.1) as the hit with the highest score with only 2 (ID: KT354200) or 3 (ID: KT354201) mismatches in the variable region of the 16S rRNA gene. Comparison with complete genome sequences showed 16S rRNA gene from Chamaesiphon minutus PCC 6605 (ID: CP003600.1) as the highest scoring sequence with 97.3% identity.

For the ITS region, we analysed 5 clones (IDs: KT354202 – KT354206). All of them displayed 90% sequence identity with Chamaesiphon minutus PCC 6605 (complete genome, ID: CP003600.1). All other hits were less related to the S. pevalekii sequence in this region.

Interestingly, microscopic observations of Synechocystis pevalekii SAG 70.79 showed almost no morphologic characteristics of the genus Chamaesiphon in contrast to our sequence alignment results.

Synechocystis salina
Two 16S rRNA-coding sequences were analysed (IDs: KT354209, KT354210). The highest alignment score obtained was that of Gloeocapsa alpicola FACH-400 (ID: JX872524.1; three mismatches with KT354209 and one with KT354210) and Gloeothece sp. PCC 6909 (CCAP 1480/4, ID: HE975009.1; three mismatches with both clones). Gloeocapsa alpicola has been reclassified among genera twice; first it has been assigned to Synechocystis genus and lately ordered32 into a new genus as Geminocystis herdmanii. Complete genome sequence with the highest score was that of Synechocystis sp. PCC 6803 (ID: CP003265.1) with 98.2% identity in the variable part of the 16S rRNA coding region.

Two sequences of the ITS region (IDs: KT354211, KT354212) were found to contain two polymorphic sites. There was 99.8% (1 mismatch with KT354211) or 100% identity (KT354212) with Gloeothece sp. PCC 6909 (CCAP 1480/4, ID: HE975009.1). The next highest identity score was obtained with Synechocystis sp. PAK12 (ID: EF555570.1), displaying 93.2% identity.

Synechocystis sp. CCAP 1480/4
It should be noted that in the culture collection, CCAP 1480/4 strain is described as Synechocystis sp., while in GenBank this same strain is labelled as Gloeothece sp. PCC 6909. Two clones of 16S rRNA coding sequence were analysed. They were identical (ID: KT354207) and showed one mismatch when compared to 16S sequences of both Gloeocapsa alpicola FACHB-400 (ID: JX872524.1) and Gloeothece sp. PCC 6909 (CCAP1480/4, ID: HE975009.1). The closest complete genome sequence was that of Synechocystis sp. PCC 6803 (ID: CP003265.1) with 98.5% identity (10 mismatches across the variable part of the 16S rRNA sequence).

The ITS region (ID: KT354208) displayed 100% identity with Gloeothece sp. PCC 6909 (CCAP 1480/4, ID: HE975009.1). The next highest score was that of Synechocystis sp. PCC 6714 (complete genome, ID: CP007542.1) having 91.3% identity.

Gloeothece members are characterized by formation of small colonies which are enveloped in mucilagous envelopes while Synechocystis does not form microcolonies. Our observations (Fig. 2) showed no characteristic envelopes in the strain analysed.

Synechocystis sp. PCC 6714 
The genomic sequence of Synechocystis sp. PCC 6714 has previously been determined39, therefore only one clone of its ITS region (ID: KT371499) was sequenced. It showed 3 mismatches to the genomic sequence of this strain deposited in GenBank (ID: CP007542.1).

Synechocystis sp. PCC 6803
Essentially, results with the Synechocystis sp. PCC 6803 strain were as expected from the genomic sequence40, although 4 polymorphic sites were found in 16S rRNA coding sequences in our 4 clones (IDs: KT371493 – KT371496). None of our clones was identical to any other published sequence and all 4 had Synechocystis sp. LMECYA 68, a strain from Cyanobacteria Culture Collection Estela Sousa e Silva in Portugal (ID: EU078508.1), as the highest BLASTN hit, followed by three Synechocystis sp. strains: PUPCCC 62 (ID: KF475890.1), an isolate from India, and KSU-AQIQ-1 (ID: LN997853.1) and KSU-WH-2 (ID: KT807477.1), both discovered in Saudi Arabia. Sequences of these three strains were identical to that in the deposited genomic sequence of Synechocystis sp. PCC 6803. Sequence identities for LMECYA 68 strain ranged from 100% with one of our clones to 99.7 % (2 mismatches) with another one. In the other three strains (and equally in the published PCC 6803 strain), sequences differed in 1 to 3 positions from our sequence.

Analysis of two clones of ITS sequences (IDs: KT371497, KT371498) showed 0 and 1 mismatches, respectively with the published genomic sequence40 of Synechocystis sp. PCC 6803. 

Although Synechocystis sp. PCC 6803 is of utmost importance for research on photosynthesis, evolution, as well as for biotechnology and synthetic biology, this strain has never been taxonomically defined to the species level. Especially for environmental and biosafety investigations, it would be helpful to assign a species to this strain as well. From our sequence data, the PCC6803 strain is closely related to Synechocystis salina, but not identical. Our results show that PCC 6803 is a distinct taxonomic entity despite the fact that it was described as ‘corresponding to S. aquatilis’ 32 based mainly on its morphologic similarity to the type strain. We found out that the ITS regions of these two Synechocystis members are very different, sharing only 52% of the sequence, and that also the 16S rRNA coding variable regions are only 86% identical.


A summary of our findings is presented in Tables 4 and 5, showing identities among the variable segment of the 16S rRNA genes and the ITS sequences, respectively, for 11 Synechocystis species/strains (10 for the ITS region). Also included in the tables is Synechocystis sp. PCC 7509, the only strain with whole genome sequence available besides PCC 6803 and PCC 6714, both of which we analysed independently.

As evident from Table 4, there are three species that in their 16S rRNA gene sequences differ substantially from the remaining Synechocystis members in our study, namely S. bourrellyi* (which only shows substantial similarity with S. limnetica*), S. nigrescens (more closely related only to S. aquatilis) and S. limnetica* (similar only to S. bourrellyi*).
















Table 4. Summary of 16S rRNA variable region sequence identities among Synechocystis members
Sequences used for comparison were obtained in our laboratory, only those of PCC 6714 and PCC 7509 were taken from GenBank. For PCC 6803 our data were in accordance with GenBank sequences. Shade intensity increases with higher values of sequence identity. 

	
	S. aquatilis SAG 90.79
	S. bourrellyi* CCAP 1480/1
	S. fuscopigmentosa CCALA 810
	S. limnetica* CCAP 1480/5
	S. minuscula SAG 258.80
	S. nigrescens
	S. pevalekii SAG 91.79
	S. salina CCALA 192
	Synechocystis sp. CCAP 1480/4
	Synechocystis sp. PCC 6714
	Synechocystis sp. PCC 6803
	Synechocystis sp. PCC 7509

	S. aquatilis SAG 90.79
	
	
	
	
	
	
	
	
	
	
	
	

	S. bourrellyi* CCAP 1480/1
	83
	
	
	
	
	
	
	
	
	
	
	

	S. fuscopigmentosa CCALA 810
	95
	85
	
	
	
	
	
	
	
	
	
	

	S. limnetica* CCAP 1480/5
	83
	97
	85
	
	
	
	
	
	
	
	
	

	S. minuscula SAG 258.80
	87
	86
	88
	88
	
	
	
	
	
	
	
	

	S. nigrescens
	94
	84
	87
	83
	88
	
	
	
	
	
	
	

	S. pevalekii SAG 91.79
	88
	88
	90
	88
	90
	89
	
	
	
	
	
	

	S. salina CCALA 192
	88
	86
	89
	87
	96
	89
	91
	
	
	
	
	

	Synechocystis sp. CCAP 1480/4
	88
	87
	89
	87
	96
	90
	91
	99
	
	
	
	

	Synechocystis sp. PCC 6714
	86
	87
	88
	87
	97
	87
	90
	98
	98
	
	
	

	Synechocystis sp. PCC 6803
	86
	86
	88
	87
	97
	87
	90
	98
	98
	99
	
	

	Synechocystis sp. PCC 7509
	89
	85
	90
	85
	89
	89
	90
	90
	90
	88
	88
	


* denotes species that in microscopic analysis showed atypical morphology for Synechocystis members

Identities in the ITS region (Table 5) are far lower than in 16S-rRNA coding region and only a few strains clearly converge in a single group, namely PCC 6803, PCC 6714, CCAP 1480/4 and S. salina. For other species/strains identity was below 65% when compared to each other within the dataset.

Table 5. Summary of ITS sequence identities among Synechocystis members
Sequence data for PCC 6714 and PCC 7509 were taken from GenBank, all other were obtained in our laboratory. For PCC 6803 our sequences data were in accordance with GenBank sequences. Shade intensity increases with higher values of sequence identity.

	
	S. aquatilis SAG 90.79
	S. bourrellyi* CCAP 1480/1
	S. fuscopigmentosa CCALA 810
	S. limnetica* CCAP 1480/5
	S. minuscula SAG 258.80
	S. pevalekii SAG 91.79
	S. salina CCALA 192
	Synechocystis sp. CCAP 1480/4
	Synechocystis sp. PCC 6714
	Synechocystis sp. PCC 6803
	Synechocystis sp. PCC 7509

	S. aquatilis SAG 90.79
	
	
	
	
	
	
	
	
	
	
	

	S. bourrellyi* CCAP 1480/1
	45
	
	
	
	
	
	
	
	
	
	

	S. fuscopigmentosa CCALA 810
	79
	47
	
	
	
	
	
	
	
	
	

	S. limnetica* CCAP 1480/5
	50
	57
	49
	
	
	
	
	
	
	
	

	S. minuscula SAG 258.80
	50
	37
	55
	38
	
	
	
	
	
	
	

	S. pevalekii SAG 91.79
	52
	42
	53
	48
	48
	
	
	
	
	
	

	S. salina CCALA 192
	52
	36
	55
	41
	78
	48
	
	
	
	
	

	Synechocystis sp. CCAP 1480/4
	52
	36
	55
	42
	78
	49
	99
	
	
	
	

	Synechocystis sp. PCC 6714
	53
	35
	52
	43
	77
	44
	91
	91
	
	
	

	Synechocystis sp. PCC 6803
	52
	35
	51
	41
	77
	43
	91
	91
	91
	
	

	Synechocystis sp. PCC 7509
	62
	45
	61
	47
	52
	63
	51
	51
	51
	48
	


* denotes species that in microscopic analysis showed atypical morphology for Synechocystis members

Based on our sequence data, we prepared phylogenetic trees based on 16S rRNA coding region (Fig. 4 top), ITS region (Fig. 4 bottom) and concatenated 16S and ITS (see Appendix). Phylogenetic trees that are based on 16S rRNA-coding and ITS sequences alone do not differ substantially from each other. Nevertheless, they do differ slightly in positioning of S. minuscula in the cluster closely related to PCC 6803 (but in the 16S rRNA-based tree, its positioning is supported with low bootstrap. Also Synechocystis sp. PCC 7509 is positioned differently in 16S rRNA and ITS trees. Although topologies differ slightly, we do not believe that this influences interpretation of our results. Our intention was not to determine definite intrageneric phylogenetic positions of analysed strains but to illustrate that taxonomic positioning of some Synechocystis species is not in accordance with their phylogeny even on the genus level. Namely, they show higher sequence relatedness to representatives of genera other than Synechocystis, which is evident from both trees, as well as from the tree based on concatenated sequences (see Appendix, Fig. A).

We additionally compared the variable part of the 16S rRNA coding sequences that were determined in our laboratory with those known previously for members of all the major lineages of cyanobacteria (Appendix, Fig. B). Synechocystis members from our analysis appear distributed among Chroococcidiopsidales, Chroococcales, Oscillatoriales, and eventually Synechococcales (only the two strains that were evidently different from others by appearance).  This is in good accordance with the previously published phylogenetic tree based on 31 protein sequences from all the fully sequenced genomes of cyanobacteria known in 2014 (Fig. 1 in 24), just that we additionally found S. pevalekii as a new member of the genus evading the Chroococcales order, showing relatedness to Oscillatoriales. S. bourellyi* and S. limnetica* stand even further apart from the rest of the analysed Synechocystis members, further corroborating the idea that they might have been either mislabelled before they came in our laboratory or were incorrectly taxonomically determined at deposition in the culture collection.
 
[image: ]
Figure 4.  Phylogenetic trees for the analysed members of the Synechocystis genus based on our sequences (bolded strain names) of the variable segment in 16S rRNA coding region (top) and of ITS regions (bottom). For comparison, sequence data for PCC 6714 and PCC 7509 as deposited in GenBank were included. * denotes strains that in microscopic analysis showed atypical morphology for Synechocystis members.


tRNA coding sequences within ITS regions
ITS regions in all the strains that we analysed contained tRNAIle sequences. Only sequences of S. aquatilis, S. bourrellyi*, S. fuscopigmentosa, S. limnetica* and S. pevalekii additionally contained the tRNAAla sequence, which was not observed in members of the Synechocystis genus before. This could be considered an interesting example of the heterogeneity in Synechocystis. We found the first case of a two-tRNA ITS in Synechocystis in PCC 7509 genome38 and we further expanded the number of known Synechocystis members harbouring 2 tRNA-coding sequences in their ITS to 5 additional species (S. aquatilis, S. bourrellyi*, S. pevalekii, S. fuscopigmentosa and S. limnetica*). It remains to be elucidated whether the addition of tRNAAla coding sequence could have happened through horizontal gene transfer. Alternatively, this could be a sign of a polyphyletic development or, even more likely, of erroneous taxonomic standing of some of the Synechocystis species. Again, it cannot be excluded that some strains in culture collections are mislabelled as well.

It has been noted before that more than a half of the strains in the culture collections are probably incorrectly identified.41 Similarly, Garcia-Pichel et al. discovered that one of the Microcoleus chthonoplastes strains in a culture collection and one from a research laboratory were not closely related to fresh isolates and to a cultured strain from another microalgal collection.42 More recently, Gkelis et al. presented evidence that a Limnothrix strain was previously misidentified as a Planktothrix strain.43 DNA-analyses should therefore be used as an important identification factor for culture collections, similarly to what has recently been done44 on a small scale with a green algae collection from Germany.

Identification of Synechocystis and related cyanobacteria in the environmental samples is important from the ecological, but also from the biosafety point of view. Synechocystis sp. PCC 6803 is probably the most important cyanobacterial strain in synthetic biology and modern biotechnology. We therefore wished to know whether there are any close relatives of this strain present in aquatic environments and planned to develop a DNA barcoding approach specifically for these unicellular cyanobacteria. In biosafety risk assessments, knowing wild-type relatives of the production strain can help better estimate the risk of e.g. horizontal gene transfer, especially as Synechocystis sp. PCC 6803 is known to be naturally competent for transformation.

An extensive review of the current status in cyanobacterial systematics was published by Komárek et al. in 2014.24 We did not want to go into details of fundamental questions of cyanobacterial taxonomy but instead provide a range of new data that could help in better understanding of the Synechocystis genus through its genetic heterogeneity, and eventually contribute to a more precise taxonomic delineation of Synechocystis members. In addition, our data could serve as the basis for development of a rapid DNA-based discrimination approach.

The genus Synechocystis was listed as one of the polyphyletic genera that need a taxonomic revision.24 CyanoDB database (http://www.cyanodb.cz/Synechocystis) catalogues as many as 23 Synechocystis species described between 1892 and 2006, and three additional species as 'unclear taxa'. Despite our efforts, we could obtain from culture collections around the world only 8 Synechocystis representatives that were clearly labelled with a species name. Where several strains of the same species were available, we only analysed one arbitrary chosen strain.

Our search through nucleotide sequence databases revealed that there were relatively few data available for this group of cyanobacteria. Although Synechocystis sp. PCC 6803 was the first photosynthetic organism for which a complete genomic sequence was available40, there is a considerable gap in understanding genomes of related cyanobacteria. Only two other Synechocystis strains were fully sequenced up to now, PCC 6714 39 and PCC 7509 38. To complement these datasets, there were some sequences of the 16S rRNA-coding regions available for other members of the genus in the sequence databases. 

Up to now there has been little work done on comparative genomics of the Synechocystis genus. After the first attempt by Korelusová et al.32 who did the initial comparisons of several strains (not assigned to species) on structural and genetic level, several new sequences were deposited into databases. A report of Kopf et al. focused on a recently sequenced Synechocystis sp. PCC 6714 that is closely related to PCC 6803.45 They showed that the 16S rRNA-coding segment is 99.4% identical to that of PCC 6803, but that almost a quarter of protein-coding genes is unique to each strain.

A recent systematic overview of cyanobacterial genomes encompasses 54 very diverse taxa from across the cyanobacterial phylum that were newly sequenced.38 Among these, there was the Synechocystis sp. strain PCC 7509 that in the phylogenetic tree appeared as only vaguely related to the PCC 6803 strain. 

We inspected all three complete genomes of Synechocystis genus members for the number and heterogeneity of their rRNA operons. They all contained two identical operons each. In contrast, our sequence analyses show that some strains do display broader heterogeneity in their ITS regions, mostly as single-nucleotide polymorphisms, but also as segment insertions/deletions. Although we did not focus on intrastrain heterogeneity, we provided a clear evidence of ITS polymorphism that is worth considering in developing DNA barcoding tools and elsewhere. It should be noted that cyanobacteria harbour multiple copies of their genome46 and that there is no clear proof that these copies indeed are identical at the sequence level. Our finding that rRNA sequences are heterogeneous within single strains suggests that ‘copies’ might differ slightly from each other.
[bookmark: h.jvt17kx74nt1]
We observed a much greater variability among species in the ITS than 16S rRNA-coding regions, although even 16S rRNA variable sequences differed among several species of the same genus more than we initially expected (Table 4). There were only a few species/strains pairs within the genus that shared >90% identity in the variable segment of the 16S rRNA-coding region. ITS regions were either very similar among strains or quite varied, e.g. S. minuscula and S. pevalekii display only 48% identity, while S. salina and S. minuscula share 78% identity in the ITS region (Table 5). This is a good basis for development of ITS-specific primers that could differentiate between species of the same genus.

Including genomic regions outside the rRNA operon in the analysis could contribute to fine-positioning of genus members into a system, but it was not essential for discrimination between strains, as our results clearly show.

[bookmark: h.re42k3fyyewz][bookmark: h.ej2whechbt5i][bookmark: h.g3rkdaflbig2]Although our prime interest remains the development of a tool for easy determination of Synechocystis members in water bodies, our current results demonstrate the applicability of DNA-based approach in discriminating between species/strains belonging to the same cyanobacterial genus. Moreover, they represent a solid basis for taxonomic reconsideration of Synechocystis and related cyanobacterial genera.


Conclusions
ITS region sequences proved to discriminate among species and strains of Synechocystis members and thus represent a solid basis for DNA barcoding. The observed differences between genus members indicate the presence of several genetic clusters which might lead to a taxonomic reinvestigation of the genus. Interestingly, we observed that two out of 11 strains obtained from cell culture collection show morphological and genetic properties different from expected for Synechocystis genus members.

Our results greatly expand the range of Synechocystis representatives with available genomic sequence data and demonstrate that Synechocystis genus currently consists of members that are genetically too different to form one single genus. The need for reconsideration of the genus, previously suggested by Komárek et al.24 is thus additionally substantiated.
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