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ABSTRACT

A database of Cyanobacterial Linked Genomes that can be accessed through an 

interactive platform (https://dfgm.ua.es/genetica/investigacion/cyanobacterial_genetics/dCLG/) 

was generated on the bases of conservation of gene neighborhood across 124 cyanobacterial 

species. It allows flexible generation of gene networks at different threshold values. The default 

cyanobacterial linked genome (dCLG), whose global properties are analyzed here, connects most 

of the cyanobacterial core genes. The potential of the web tool is discussed in relation to other 

bioinformatics approaches based on guilty-by-association principles, with selected examples of 

networks illustrating its usefulness for genes found exclusively in cyanobacteria or in 

cyanobacteria and chloroplasts. We believe that this tool will provide useful predictions that are 

readily testable in Synechococcus elongatus PCC7942 and other model organisms performing 

oxygenic photosynthesis.

KEYWORDS
Cyanobacteria; synteny; gene linkage; functional genomics; function prediction; COG; co-
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INTRODUCTION
Cyanobacteria, phototrophic organisms performing oxygenic photosynthesis, constitute an 

ecologically and biotechnologically important phylum. The cyanobacterium Synechococcus 

elongatus PCC 7942 (hereafter S. elongatus), is a model system to address fundamental 

questions concerning the photosynthetic lifestyle. S. elongatus is so far the only photosynthetic 

organism for which the contribution of each gene to fitness has been evaluated [1]. Despite 

important breakthroughs in the genetic analysis of cyanobacteria, there is still a remarkable 

proportion of genes of unknown function in this phylum, many of which are presumably involved 

in functions relevant to the biology of cyanobacteria. 

Bioinformatic approaches based on guilty-by-association principles such co-expression, 

synteny, co-occurrence, text-mining, protein binding or genetic interactions provide relevant clues 

or hypothesis to investigate gene function. STRING [2] and theSeed [3] are two popular web tools 

that take advantage of these principles to functionally connect proteins. However, the contribution 

of experimental data from cyanobacteria is very scarce and thus development of analytic tools 

that are not biased towards better studied phylogenetic groups is required to advance our 

understanding of cyanobacterial gene functions. In line with this, bioinformatics approaches 

relying on guilty-by-association strategies [4-6] have already been applied in the context of 

cyanobacterial genomes for particular purposes with specific outcomes. For instances, the 

Gecko3 tool [7] is specifically aimed at predicting gene or operon function and is particularly 

informative for, but limited to, robust and highly conserved genomic clusters that are present in 

the photoheterotrophic cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis). 

With the aim of contributing to cyanobacterial functional genomics, we took into account 

two indicators of evolutive pressure, conserved gene neighborhood and gene co-occurrence, in a 

phylogeny aware context to generate specific gene networks using as reference the gene set of 

S. elongatus, the model system for cyanobacterial genetics. An interactive graphical 

representation platform has been generated with the option of altering network size according to 

the synteny and connectivity parameters of the corresponding edges. The potential of our web 

tool to provide working hypotheses to speed functional genomics in cyanobacteria is discussed in 

relation to other bioinformatics approaches based on guilty-by-association principles. 
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RESULTS AND DISCUSSION
Generation of a Linkage Score reflecting gene order and co-occurrence in 

cyanobacteria
The workflow for construction of a cyanobacterial synteny network is summarized in Fig 1. 

S. elongatus translated Coding DNA Sequences (CDSs) were used as query in a BLASTp search 

against 124 cyanobacterial CDS sets (S1 Table). Specific blast hits were obtained establishing 2 

filters: at least 50% alignment and 25% identity [8]. Whole CDS order was obtained from the 

BLASTp outputs for each cyanobacterial genome and used to calculate distances between all 

possible pairs of CDSs as the number of intergenic regions separating them. 

Next, we generated an initial “Raw Linkage Score” for each CDS pair, reflecting both 

neighborhood and co-occurrence, which are indicators of functional connections, each one with 

pros and cons. In particular, gene neighborhood analysis requires a significant conservation of 

the genes involved, while co-occurrence analysis is not informative for highly conserved genes 

with no impact in the co-occurrence pattern. With this in mind, the score we present here takes 

into account the calculated number of genomes where synteny is observed (distance lower than 

4) as a first descriptor of linkage, and corrects it by a co-occurrence ratio (the number of genomes 

where both CDSs are present divided by the number of genomes where at least one of the two 

CDSs of the pair is present)(eq. (1)). Because it relies on the frequency of neighborhood and 

occurrence events, the score increases with the number of closely related genomes and it is 

therefore very sensitive to phylogenetic bias. To minimize this bias, we applied a correction based 

on the average nucleotide identity (ANI), a good estimator of species boundaries [9] which, in 

contrasts with a phylogenetic tree from concatenated sequences, is also affected by genomic 

rearrangements, thus providing additional information on gene arrangement. As expected, groups 

of high genomic identity, formed by very close strains or substrains were detected using ANI 

scores (red squares in ANI heatmap in Fig 1). A total of 150500 scores were corrected (eq. (2)) 

and scaled to the interval [0-1]. Since the corrected Linkage Score (hereafter LS) is proportional 

to the number of genomes where ortholog CDS are separated less than 4 intergenic distances 

apart, the ortholog search requires that hits are independently located close-by in a significant 

number of genomes, providing robustness to the ortholog retrieval method.

A snapshot from the Cyanobacterial Linked Genome (CLG)
Once we obtained a LS for each pair of CDS (hereafter gene or protein), we studied how 

the generated relationships responded in terms of numbers of genes and individual networks 

included as a function of the LS value threshold. As expected, the total number of genes located 

in networks diminished as LS values increased, while the number of networks showed a more 

complex distribution (Fig 2a). Since the maximum number of individual networks (262) was A
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reached at a LS threshold value of 0.3464, coinciding with the change in the slope reflecting 

genes decreasing in networks, this value was chosen to set the limits of the default 

Cyanobacterial Linked Genome (dCLG hereafter), 916 nodes connected by a maximum of 7 

weighted edges or links (Fig 2b). For simplicity, networks were primarily numbered according to 

size.

Next, we compared the dCLG output with results obtained by other cyanobacterial works 

where co-occurrence [4] or synteny [7] was the main strategy. The co-occurrence analysis, which 

is not informative for highly conserved genes, recovered only 318 S. elongatus genes, of which 

112 were within the 916 gene set of the dCLG. On the other hand, the synteny approach used for 

Gecko3 identifies only 167 S. elongatus genes, 138 within the dCLG, and here a relatively low 

number was anticipated on the basis of the restrictions imposed by the specific location of the 

corresponding genes in the Synechocystis genome, used as reference. 

Since Gecko3 does not measure the direct relationship between pair of genes but the 

significance of their clusters, to make additional comparisons between dCLG networks and 

Gecko3 clusters, we used descriptors to order the 262 CLG networks according to their 

confidence: the average link score (ALS, eq. (3)) and links per node (LPN, eq. (4)) (S2 Table). 

Since the ALS reflects the general degree of linkage of the network but it is rather sensitive to the 

dispersion of the values, while the number of links per node LPN reflect the connectivity of the 

network but is affected by network size, a combined index (ALS x LPN) was considered more 

appropriated to reflect the robustness of dCLG networks. Accordingly, networks occupying the 

top positions always have their Gecko3 counterpart, and in some instances networks contain 2-3 

Gecko3 clusters (see also Fig 2c), while the opposite did not occur. 233 out of the 262 dCLG 

networks did not have correspondence in Gecko3, in agreement with the higher connectivity of 

individual dCLG networks. It follows that by taking into account linkage in a large number of 

genomes and correcting the bias introduced by the occasional and apparently random dispersion 

of functionally related genes in individual cyanobacterial genomes, the CLG results informative for 

any cyanobacterium of interest.

A Web interface to provide open access and facilitate network analysis 
To facilitate access to the information generated by the CLG, we built a web application 

(https://dfgm.ua.es/genetica/investigacion/cyanobacterial_genetics/dCLG/) that allows dynamic 

generation of CLG networks at the desired threshold value. From a query gene (COGXXXX ID or 

Synpcc7942_XXXX format) and for the user set threshold, the application generates a stable 

graphical representation for the corresponding network. Gene IDs and LS can be displayed in a 

table, with links to the corresponding entries on KEGG database. The threshold value of CLG 

networks can be modified at will, producing stabilized network displays based on the strength of A
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the connections, thus providing a simple way of testing the strength of particular links, allowing 

elimination or incorporation of low confidence nodes. It should be noted that, in contrast to 

previous gene neighborhood analysis biased towards the cyanobacterium of reference [7], the 

CLG or the web tool detect networks of genes that can be scattered across the genome of S. 

elongatus. 

Overlap between the dCLG and cyanobacterial core genomes
Highly conserved genes in a phylogenetic group, the so called core genes, are generally 

believed to be involved in essential functions for maintaining and replicating the cell, and there is 

a interrelationship between conservation and essentiality [5, 10, 11]. To gain insights into this 

interrelationship in cyanobacteria, we defined genes with conservation higher than 98% as 

persistent and took advantage of the experimentally determined classification of S. elongatus 

genes into essential and beneficial [1]. Persistent genes constitute 26% and 59% of the S. 

elongatus chromosome and the dCLG set, respectively (Fig 3a and S3 Figure). These 

proportions are, respectively, 25% and 47% for essential genes 6% and 9% for beneficial genes. 

In addition, 45% of the S. elongatus chromosome gene set and 54% of dCLG set are both 

persistent and essential, that is, coincidence is higher than expected at random (18.7% and 40%, 

respectively), supporting the interrelationship between conservation and essentiality and further 

indicating that conserved and essential genes have a high tendency to show synteny in 

cyanobacterial genomes. 

To investigate possible coincidences with the cyanobacterial core genome, we compared 

the dCLG with four other sets of core genes previously reported [12-15]. As shown in Fig 4a, 

although each of the compared sets contain genes that are absent in the others, there is a 

significant overlap between all five gene sets and, importantly, most dCLG genes (790) were 

found in at least one of the other four gene sets. Although a significant number of genes (104) 

identified in core sets 1-4 were not in the dCLG, most of these gene nodes (83) have LS values of 

at least 0.3, and could thus be considered nodes of a slightly larger but less robust CLG. 

Importantly, repeating the analysis using just the 691 dCLG genes classified here as persistent 

increased the overlaps with all four core sets (Fig 4b), particularly at their intersection. The 126 

dCLG genes absent from core sets 1-4 (S4 Table) correspond to relatively poorly intraconnected 

genes (1.03 links per node versus the dCLG average of 2.26) that are present in at least 51 of our 

113 genomes. With the small exception of genes without a clear occurrence pattern, these non-

core dCLG genes are mainly genes absent in Prochlorococcus genomes, and a fraction of them 

are also absent from marine Synechococcus species (S5 Figure). While the occurrence patterns 

of the non-core dCLG genes suggest their absence in many cyanobacteria is a consequence of 

genome size reduction and/or habitat specialization, their retrieval illustrates the potential of our A
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bioinformatics approach to produce phylum specific networks of phylogenetic or environmental 

interest. 

The dCLG is slightly enriched in polycistronic genes, many of which do not belong 
to conserved operons 

As expected, our analysis favored detection of polycistronic genes, which constitute 55% 

of S. elongatus chromosomal genes [16], 66% of the dCLG and 73% of the non-core dCLG (Fig 

3a). The connectivity between the different classes of dCLG genes (persistent, essential or 

polycistronic) was next analyzed alongside the subset of genes assigned with a COG function 

[17], for which we presumed no significant connectivity, since “know function” is not an intrinsic 

property of genes. As shown in Fig 3b, persistent and essential genes showed high 

intraconnectivity and low interconnectivity, mainly establishing links with other persistent and 

essential genes, respectively. Interestingly, a similar but far less pronounced bias was observed 

for polycistronic genes. While the finding that genes forming part of operons in S. elongatus do 

not show very high connectivity in cyanobacteria appears counter-intuitive, it suggests that genes 

involved in a given process are more likely to be separated by recombination when they 

participate in non-essential processes.

A significant number (approximately 33%) of the pairs of genes that form operons in S. 

elongatus are either absent (one or both genes of the pair) from the dCLG or found apart in up to 

50 of the cyanobacterial genomes analyzed. Despite the reasonable assumption that co-

transcription is a priori a more robust indicator of functional association than (cyanobacterial) 

synteny, the scenario revealed here challenges this view, suggesting that, for a subset of S. 

elongatus genes, co-expression could be less informative than synteny. A paradigmatic example 

of this is provided by rbcX, a gene encoding a Rubisco chaperonin [18] (Fig 5A).

In S. elongatus, functional connections between RbcX and Rubisco include co-localization 

and effects on carboxisome formation and spatial distribution [19]. In line with this, rbcX, a “non-

core dCLG” (74% of conservation) from Group II is within a 3-node network with the Rubisco 

rbcLS genes (Fig 5, network 129). Lowering the LS value to 0.29 results in the inclusion of 

carboxisome and NAD(P)H dehydrogenase (NDH-1) genes (network 22), implicated in CO2 

uptake [20-23]. Therefore, the extended network is consistent with a functional link between 

RbcX, Rubisco, carboxisomes and enzyme complexes involved in facilitation of CO2 uptake in S. 

elongatus, thus agreeing with the proven role of RbcX as a Rubisco chaperonin in organisms 

performing oxygenic photosynthesis. It seems that, for some of S. elongatus genes, CLG 

networks may be more informative than transcriptomic data. 

Functional categories are differentially represented in the dCLG A
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Since the relationship between linkage and functional properties of persistent genes in 

bacterial genomes is rather complex [24] and tend to be associated with functional categories 

related to essential biological processes [25], we wondered to which extent functional categories 

were differently represented in the dCLG set. As shown in Fig 6a, categories J (translation, 

ribosomal structure and biogenesis) and H (coenzyme transport and metabolism) were the most 

represented in the dCLG set and the least represented in the non-core dCLG subset. The same 

pattern, but to a lesser extent, applies to category E (amino acid transport and metabolism). 

Categories C (energy production and conversion) and M (cell wall/membrane/envelop 

biosynthesis) were overrepresented in the dCLG and to higher extent in the non-core dCLG 

subset, while O (posttranslational modification, protein turnover, chaperones) was 

overrepresented in the dCLG, with a moderated contribution to the non-core dCLG subset. 

Categories T (signal transduction) and P (inorganic ion transport and metabolism) were the least 

represented in the dCLG. 

To get additional insights into the observed bias, we calculated the intra- and inter-

connectivity of nodes from the different COG categories (Fig 6b). The highest intra-connectivity 

was provided by two of the three categories overrepresented in the dCLG (J and C), while the 

other one (H) showed a relatively low intra-connectivity. These discrepancies may be explained 

by the different propensity of proteins in certain functional categories to engage in multiprotein 

complexes and the requirement of a precise stoichiometry for the translation and energy 

production machineries, that would not apply to coenzyme transport and metabolism. 

Interestingly, the highest inter-connectivity was provided by one of two categories 

dramatically underrepresented in the dCLG (T), probably reflecting the plasticity inherent to 

regulatory processes and the diversity of interactions mediated by different signaling proteins. 

Exceptionally, few regulators were nevertheless highly connected. For instances, the two-

component proteins with the highest LS values were the OmpR-type transcription factor RpaB 

(“regulator of phycobilisome association B”) [26] and the sensor histidine kinase NblS/Hik33 

(“non-bleaching sensor”) [27], with LS values of 0.78 and 0.63 respectively. These two proteins, 

although cognate partners in a phosphorylation pathway are both part of a complex regulatory 

network controlling photosynthesis and other processes [28-32]. Both are essential and have 

been conserved across the cyanobacterial chloroplast barrier [31].

Our analysis shows that genes related to essential processes are kept together in the 

genome while, with remarkable exceptions worth investigating, regulatory genes and genes 

involved in dispensable metabolic pathways show little or no connectivity.

Function prediction for DUF proteins: comparing dCLG networks with STRING, 
Gecko3 and theSeed A
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Many of the genes or proteins classified as unknown function proteins contain DUF 

(domains of unknown function) domains, unique sequences and folds present in all kingdoms of 

life and representing one third of the current bacterial domains [33], for which there is no or very 

little information. When found as part of larger proteins, neighboring domains can provide clues to 

possible functions. However, for proteins containing exclusively DUF domains, synteny may 

provide the firsts clues to function prediction.

65 S. elongatus DUF genes (according to [34]) from the dCLG have no other recognizable 

domain, and we wondered whether their gene connections were coincident with those provided 

by STRING, Gecko3 and theSeed, for which we made several considerations. Gecko3 and 

theSeed rely exclusively on gene neighborhood, but they differ in output. While Gecko3 

generates significance levels for gene clusters, theSeed generates individual scores for each 

gene pair, and thus the default option was considered appropriate for this analysis. STRING also 

generates scores for gene pairs based on multiple parameters. To ensure a reasonable level of 

confidence, the noise-introducing co-occurrence parameter of STRING was disabled, and the 

default score set to 0.7 (for the combined parameters of neighborhood, text-mining, databases, 

co-expression, experiments and gene fusion). Using STRING and theSeed we found respectively 

(S6 Table and Fig 7a): complete coincidence (28 and 23 cases), partial coincidence (13 and 17) 

and discrepancies (5 and 2 cases). In contrast, only 7 connections were retrieved by Gecko3, 

which is limited to the specific gene clusters present in the genome of reference (Synechocystis) 

genome.

Representative examples of relatively simple DUF-containing dCLG networks showing link 

strength and coincidences or discrepancies with link predictions by STRING and/or theSeed are 

shown in Fig 7b-e to illustrate cases in which: (i) DUF links are detected by all the methods, (ii) 

none of the alternative methods detect DUF connections and (iii) there is a discrepancy with 

STRING. The fact that some of the DUF genes have recently been “de-DUFed” is used to 

illustrate the pros and cons of the different prediction approaches. 

Complete coincidence: DUF448 (Synpcc7942_2021), one of the 5 DUFs for which all four 

methods were fully coincident, is part of a highly scoring (ALSxLPN 2.5) 4-node network with 

nusA, infB and rimP/DUF150 (Fig 7b) and constitutes an interesting example of conserved 

synteny. All four genes are present in most Bacteria and their linkage is conserved in many 

bacterial groups. They form a gene cluster in Gecko3 and the complete 4-node network with 6 

links is also retrieved by STRING and theSeed. Their known functions involve, respectively, 

regulation of transcription termination/antitermination, (nusA) translation initiation (infB) and 30S 

subunit maturation (rimP/DUF150) [35], suggesting the involvement of this small basic protein in 

the global control of bacterial gene expression, a role recently confirmed in B. subtillis, where the A
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corresponding protein (YlxR) is nucleoid associated and involved in regulation of multiple 

transcripts [36].

Connection only detected by the dCLG: DUF3067 (Synpcc7942_1077), is detected as part 

of a CLG 4-node network with two cytochrome b6f subunits (CytF/PetA and PetC) and the C 

subunit (TatC) of the twin-arginine translocation (Tat) system, involved in the translocation of 

complex cofactor-containing (completely folded) proteins is required for targeting the Rieske iron-

sulfur protein PetC into the thylakoid membrane in both chloroplasts [37] and cyanobacteria [38, 

39]. This network (Fig 7c) is still detected at 0.43, that is, well above the dCLG threshold. While 

the interconnections TatC-PetA and PetC-PetA are predicted by STRING, only the CLG is able to 

make connections for Synpcc7942_1077. Our CLG-informed prediction is that DUF3067 proteins, 

whose orthologs are found in cyanobacteria and chloroplasts, and for which the first structural 

representative has very recently been solved by NMR [40], play a role in translocation of 

photosynthesis related proteins and/or regulation of cytochrome b6f activity. 

Discrepancy: The 2-node network involving DUF561 (Synpcc7942_1137) and 

Synpcc7942_1138 (tRNA(Ile)-lysidine synthase (Fig 7d) is not detected by any of the alternative 

methods using the parameters defined above. STRING links Synpcc7942_1137 with 

Synpcc7942_0158 (rodanase-like) on the bases of gene arrangement, co-expression of putative 

homologs, and text mining derived from other bacterial phyla. However, the bacterial homologs 

supporting the STRING prediction do not contain a DUF561 domain, which is otherwise restricted 

to cyanobacteria and plants. Interestingly, the dCLG prediction connects two “plant” genes: 

YCF23 (synpc7942_1137) and YCF62 (synpcc7942_1138) with a common phylogenetic 

distribution (cyanobacteria and chloroplast), that are more likely to be functionally connected in 

cyanobacteria.

These examples support the notion that the CLG is particularly informative in the context 

of genes that are specifically related with the photosynthetic lifestyle, such as genes found 

exclusively in cyanobacteria or in cyanobacteria and chloroplasts. To obtain quantitative evidence 

in this context, we took advantage of the greencut2 gene set [41]. In particular, we compared for 

both CLG and STRING the number of links of S. elongatus genes belonging (GreenCut2) and not 

(Others) to this set of genes from the cyanobacteria-chloroplast lineage. Remarkably, the 

numbers of links per node for the dCLG but not for STRING is significantly greater 

in GreenCut2 than in Others (Fig 8), in line with the anticipated potential of the dCLG in the 

context of genes characteristic of organisms performing oxygenic photosynthesis.

A case study: the PipX network. 
PipX (DUF3539) is a unique cyanobacterial regulator identified by us in a yeast-two hybrid 

screen using the nitrogen signaling protein PII as bait (PII-interacting protein X) [42]. It provides a A
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challenging example, since it is a protein involved in signal transduction (a functional category 

underrepresented in the dCLG, Fig 6a) that interacts physically with at least three other regulatory 

proteins [43] and the corresponding genes are not linked in cyanobacterial genomes. PipX forms 

complexes with PII and with the global transcriptional regulator NtcA according to the levels of 2-

oxogularate and the ATP/ADP ratio [44-47]. PII-PipX complexes interact in yeast two-hybrid 

assays with the transcriptional regulator PlmA [8]. Although there is no evidence of protein 

binding, functional interactions were demostrated between PipX and PipY, a pyridoxal-phosphate 

binding protein involved in vitamin B6 homeostasis [48, 49]. 

 Genetic and structural analyses suggest that PipX may perform additional roles [44-46, 

50-52]. In this context, the N-terminal domain of PipX, whether in complex with either NtcA or PII 

[47] shows the same fold [51], a TLD/KOW motif found in the C-terminal domain of the NusG 

family which is involved in interaction with the ribosome [51, 53]. Furthermore, the C-terminal 

domain of PipX contains an R-rich basic patch that provides interaction determinants in non-

canonical RNA binding proteins [54]. Our working hypothesis is that PipX is also involved in yet 

unknown regulatory processes in cyanobacteria and that some of the nodes from the dCLG 

network may provide clues. 

PipX is part of a relatively robust (ALSxLPN 2.43) 6-node network (Fig 7e) for which 

Gecko3 makes no predictions, while STRING and theSeed produced coincident links for 3 out of 

the 12 dCLG connections. One of these coincident connections is PipX-PipY, anticipated on the 

bases of text-mining and neighbourhood ([55], STRING and theSeed).On the other hand, 

STRING retrieves the extensively characterized interactions of PII and NtcA with PipX, a case of 

functionally important interactions between signaling proteins for which the CLG is not 

informative.

As the dCLG appears to be particularly informative in the context of genes that are found 

exclusively in cyanobacteria or in cyanobacteria and chloroplasts, we are presently studying the 

connections between PipX with engA and synpcc7942_2341 products, as a proof of concept. 

EngA is an eubacterial GTPase with a unique structure in which two G domains are tandemly 

repeated [56] that plays essential roles in ribosome biogenesis in both bacteria and chloroplasts 

[57-59]. It has been found membrane associated in E. coli [60] and in Arabidopsis thaliana 

thylakoids, where it has been connected with the photosystem II repair cycle [61]. Chloropast 

proteins (EngA1) are the closest homologs of Cyanobacterial EngA [62]. The synpcc7942_2341 

product shares homology with the transmembrane component (T unit) of ECF (Energy Coupling 

Factor) systems and, based on this homology, Pfam wrongly assigns synpcc7942_2341 a CbiQ 

motif. Recently designated as cyano_T genes [63], synpcc7942_2341 orthologs are not 

associated with recognizable ecfA genes in the genomes, as its happens with canonical ECF A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

transporter genes and, importantly, they form together with their closely related plant homologs a 

separated branch from the ecfT family [63]. Recently obtained evidence supporting regulatory 

connections between PipX, cyano_T and EngA in S. elongatus confirms the potential of CLG 

networks to provide new hypothesis and functional predictions in cyanobacteria. Additional work 

is now required to elucidate the molecular details involved.
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MATERIALS AND METHODS
Data acquisition and ortholog search
Cyanobacterial genome sequences and their Coding DNA Sequence (CDS) files at 

assembly level of “complete” or “chromosomal” were downloaded from the RefSeq repository [64] 

(S1 Table). CDS sequences, in nucleotides, were translated to protein using the Bacterial, 

Archaeal and Plant Plastid Code (translation table 11). CDS were labelled with their ordinal 

position in their corresponding chromosome. Ortholog retrieval was carried out using S. elongatus 

protein sequences as individual queries in BLASTp searches against the set of translated CDS of 

each genome. To ensure a minimum degree of specificity in the ortholog retrieval, two criteria 

were required: a minimum alignment length of 50% of the query protein and a minimum identity of 

25% [8]. When two or more S. elongatus queries retrieved the same protein sequence, only the 

ones with the highest score were considered. For each ortholog of S. elongatus CDS, its ordinal 

position in the corresponding chromosome was retrieved and subsequently used for distance and 

co-occurrence calculations.

Pairwise distance and co-occurrence calculation
For each pair of CDS in each genome, the minimum distance between them was 

calculated as the difference between the retrieved ordinal position values in the ortholog search 

independently of physical distance and gene orientation. Minimum distance between two adjacent 

genes was always 1, even considering overlapping genes. As expected, the maximum possible 

number of distance values was 124, the numbers of genomes considered (only obtained for gene 

pairs showing full conservation). The following formula, taking into account chromosome 

circularity, was used:

Distance = nCDS vm vM 

Where nCDS is the number of CDS in the chromosome and vm and vM are the minimum 

and maximum of the two position values, respectively. Additionally, for each pair of S. elongatus 

CDS the number of genomes where at least one and both of the CDS were present was 

retrieved.

Linkage Score and Phylogenetic correction
For each pair of CDS an initial Linkage Score, referred here as Raw Linkage Score was 

calculated using the number of genomes where the distance between genes was lower than 4. 

This relatively small window of 3 genes upstream and 3 genes downstream allows us to keep 

track of synteny relationships between pairs of genes even in the presence of small insertions or 

inversions. A correction ratio of co-occurrence / occurrence was also introduced in the following 

formula, to consider different degrees of conservation between pair of genes:A
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co
o

o

NRawLinkageScore N
N



(1)

Where Ns is the number of organisms with distance between the given pair of CDS below 

the threshold (4), Nco is the number of organisms where both CDS are present, No is the number 

of organisms where at least one of the two CDS is present.

Average Nucleotide Identity (ANI) was calculated for each pair of organisms using pyANI. 

ANI values were scaled following the formula:

, min

max min

i jANI ANI
ANIscaled

ANI ANI





For each link Raw Linkage Score was corrected using the following formula, which 

reduces the score proportionally to the similarity of the subset of genes where the genes are 

neighbours compared to the similarity of the subset where the genes (at least one of them) are 

present:

1
1

S

O

ANILinkageScore RawLinkageScore
ANI






(2)

Where ANIs is the mean value of the scaled ANI between each pair of organisms where 

the distance is below the threshold and ANIo is the mean value of the scaled ANI between each 

pair of organisms containing both CDS.

Nodes and Networks descriptors
Nodes
Gene names, essentiality and descriptions were obtained from [1]. Cluster of orthologs 

(COG) classification was downloaded from cyanobase [65]. Operon IDs were obtained from 

DOOR2 database [16]. In each case, gene conservation was calculated as the percentage of 

genomes containing an ortholog of the given gene. To exclude highly similar genomes, this 

conservation was calculated in a subset of 113 cyanobacterial genomes where all ANI values 

between them were lower than 99.9%.

Networks
ALS was calculated using the following formula:

1

,
0 1

N N

i j
i j i

score
ALS
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Where “N” is the number of nodes in the network, “L” is the number of links above the 

threshold and “scorei,j“ is the LS of the link connecting nodes “i” and “j”. When “scorei,j” is below 

the threshold is considered 0.

LPN was calculated with the following formula:

0

N

i
i

nLinks
LPN

N



(4)

Where “N” is the number of nodes in the network and “nLinksi” is the number of links 

above the threshold for the node “i”.

Number of genomic neighborhoods was calculated by assigning genes to groups where 

the minimum distance of each gene with at least another gene of the group was 3 or less. The 

resulting number of groups was considered the number of genomic neighborhoods.

Link expected distribution
For the calculus of the expected distribution of 0, 1 or 2 links, the proportion of persistent, 

essential, polycistronic and known function genes of the dCLG was obtained. The expected 

numbers of links were calculated as follows:
2

2

0 *
1 *2* *
2 *

Exp L p
Exp L P p
Exp L P






Where “Exp0”, “Exp1” and “Exp2” are, respectively, the expected number of links of type 

0, 1 and 2 for a given characteristic (persistence, essentiality, polycistronic and known function). 

“p” is the proportion of genes which do not fit the characteristic and “P” is the proportion of genes 

that do. In the case of essentiality, “p” corresponds to non-essential and “P” to essential genes, 

respectively. L is the total number of links in the dCLG (1036).

CLG web interface
The CLG web application produces networks searching recursively for genes connected 

with links over the given threshold directly or indirectly to the query. To generate a visual display 

consistent with the connectivity and linkage of the nodes of the network we used the cytoscape 

web graph theory (network) library for visualization and analysis [66], applying the Euler layout to 

the generated network. Future updating of the data will include the incorporation of additional 

cyanobacterial genomes and the modification of the reference gene set to include model 

organisms.

DUF searches in STRING, theSeed and Gecko3A
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S. elongatus DUF genes (S6 Table) were used as query protein in STRING searches with 

disabled co-occurrence score and a confidence threshold of 0.700. For comparison with dCLG 

networks only nodes connected directly to the DUF query were considered. In the case of 

theSeed, dCLG predictions for DUF genes were compared against functionally coupled proteins 

using the S. elongatus DUF gene as query. Functionally coupled proteins were extracted from the 

feature evidence page for the DUF in S. elongatus genome (code 1140.7). For Gecko3, all genes 

inside a gene cluster were assumed to be interconnected.

For all methods compared, coincidence was considered complete when all dCLG links 

were found, partial when not all but at least one link was found, and no coincidence when no 

common links where found.
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FIGURE LEGENDS
Figure 1. Workflow for generation of the Linkage Score. Cyanobacterial Coding 

Sequences were downloaded from refseq and translated to protein. S. elongatus sequences were 

used as query in a BLASTp search to determine the ordinal position of each S. elongatus 

ortholog gene in each genome (represented as a sequence of row colored squares in the “Ordinal 

Position Information” section). From ordinal positions the distance between each pair of genes in 

each genome was calculated. Occurrence information, also retrieved from the BLASTp search, 

was used together with the distance information to calculate a provisional score that was 

subsequently corrected using similarity between cyanobacterial genomes (ANI values obtained 

with pyANI) to generate the final linkage score. 

Figure 2. The default Cyanobacterial Linked Genome (dCLG). a) Distribution of the 

number of networks (blue, left y-axis) and genes (red, right y-axis) resulting from different LS 

thresholds (x-axis). The selected threshold is indicated with an arrow pointing to a dashed line. b) 

Cloud representation of networks with LS threshold 0.3464 (dCLG). The intensity of the color of 

the nodes reflects the degree of conservation of the corresponding gene in cyanobacteria. Link 

width correlates with the corresponding LS value. c) Coincidences between network 1 and 

Gecko3 clusters 83, 146 and 282 are illustrated in pink, green and yellow, respectively.

Figure 3. Composition and connectivity of dCLG genes. a) Percentage of persistent, 

essential (according to [1]), polycistronic (according to [16]) and known function (according to 

COG categories) genes in the indicated gene sets. The percentage of beneficial genes are 

indicated in stacked transparent boxes on top of the bars for essential genes. b) Log2 of the ratio 

of observed/expected links according to the kind of genes connected. For the given property “2”, 

“1” and “0” indicate links connecting 2, 1 or 0 genes matching the corresponding property.

Figure 4. The dCLG overlaps with core genomes. Venn diagrams representing the 

coincidence between a) the dCLG gene set or b) persistent genes (98% conservation in our 

dataset) and four available cyanobacterial core genomes (core 1, [12]; core 2, [13]; core 3, [14]; 

and core 4, [15]). 

Figure 5. Network context of the rbcX gene. Schematic representation of the rbcX 

network at threshold value 0.29, including dCLG networks 129 (composed of genes: rbcL, rbcS, 

rbcX) and 22 (ccmN, ccmM, ccmL, ccmK, ndhF4, ndhD4 and chpX) as well as genes ccmP and 

ccmO (non-connected at the threshold LS default). Black and grey links indicate scores of at least 

0.3464 (default threshold) and 0.29, respectively. Link width is proportional to the LS. Rubisco, 

carboxisome and Ndh-1 genes are coloured in green, pink, and yellow, respectively. 

Figure 6. Distribution of functions and dCLG genes. a) Log2 of the ratio between the 

percentage of genes in the indicated functional categories for the indicated sets of S. elongatus A
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genes and the whole gene set. Only categories representing more than 2% of the S. elongatus 

gene set are plotted. b) Frequency of links connecting two (intra-category) or just one node from 

the same category (inter-category) normalized by the number of dCLG nodes on that category.

Figure 7. Functional predictions for DUF motifs. a) Venn diagram showing the number 

of dCLG DUF nodes with connections in Gecko3, theSeed and STRING (confidence level 0.7, co-

occurrence disabled). b-e) Representative networks (threshold value 0.3464, except for DUF3067 

network, for which 0.43 was used) containing a DUF protein (in bold). Link width is proportional to 

LS and link color within the networks refers to the particular method(s) where the links are found, 

for which the same color code that is used in a) to denote the predicting methods is used. Gene 

name or the shortened ID is indicated on each node. Node color indicates its phylogenetic 

distribution (white: bacteria, archaea and eukaryotes; orange: bacteria; purple: bacteria and 

plants; yellow: gram-positive bacteria and cyanobacteria; green: cyanobacteria and plants; blue: 

cyanobacteria). Other proteins discussed in the text are shown alongside the corresponding 

dCLG networks. 

Figure 8. STRING and CLG performance on S. elongatus GreenCut2 genes. Boxplot 

of the number of links per node normalized by the average number of links per node in each tool. 

Genes are separated in GreenCut2 and non-GreenCut2 (Others) according to [41]. Links are 

retrieved using the same criteria as in the main text. 
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