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ABSTRACT (250 words)

The increasing availability of fully sequenced cyanobacterial genomes opens unprecedented
opportunities to investigate the manifold adaptations and functional relationships that determine
the genetic content of individual bacterial species. Here, we use comparative genome analysis
to investigate the cyanobacterial pan-genome based on 77 strains whose complete genome
sequence is available. Our focus is the co-occurrence of likely ortholog genes, denoted as
CLOGs. We conjecture that co-occurrence CLOGs is indicative of functional relationships
between the respective genes. Going beyond the analysis of pair-wise co-occurrences, we
introduce a novel network approach to identify modules of co-occurring ortholog genes. Our
results demonstrate that these modules exhibit a high degree of functional coherence and
reveal known as well as previously unknown functional relationships. We argue that the high
functional coherence observed for the extracted modules is a consequence of the similar-yet-
diverse nature of the cyanobacterial phylum. We provide a simple toolbox that facilitates further

analysis of our results with respect to specific cyanobacterial genes of interest.
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INTRODUCTION

Cyanobacteria are photosynthetic prokaryotes of global importance and recently gained
renewed interest as a resource for natural products (Abed et al. 2009; Calteau et al. 2014) and
as potential host organisms for the renewable synthesis of bulk chemicals and including biofuels
(Gupta et al. 2013; Cassier-Chauvat et al. 2014; Savakis and Hellingwerf 2015). Cyanobacteria
exhibit diverse morphologies and are known to inhabit diverse environments, including lakes,
oceans, arctic rocks, desert crusts, hot springs, and rice fields. In addition to using oxygenic
photosynthesis as a primary source of energy and reducing power, many cyanobacteria are
capable to assimilate atmospheric nitrogen, making cyanobacteria key players in the global
nitrogen cycle. Despite their ecological and biotechnological importance, however, many
aspects of cyanobacterial diversity are still insufficiently understood. In this respect, the
increasing availability of fully sequenced cyanobacterial genomes (Shih et al. 2013; Fujisawa et
al. 2017) opens unprecedented opportunities to delineate cyanobacterial diversity and the

physiological adaptations from a genomic perspective.

Comparative genome analysis, in particular the analysis of the bacterial pan-genome, is
established for more a decade (Haft 2015; Vernikos et al. 2015). Early applications include a
comparison of 8 Streptococcus genomes (Tettelin et al. 2005), followed by an analysis of 17
Escherichia coli genomes (Rasko et al. 2008), and similar studies for Legionella pneumophila
(D'Auria et al. 2010), Haemophilus influenzae (Hogg et al. 2007), and twelve closely related
strains of the cyanobacterial genus Prochlorococcus (Kettler et al. 2007). Later studies
considered an increasing number of strains (Donati et al. 2010; Beck et al. 2012), as well as an
analysis of niche-specific differences (Simm et al. 2015). Several computational approaches

and toolboxes for comparative genome analysis and the identification of ortholog genes have
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been described in the literature (Fouts et al. 2012; Vallenet et al. 2013; Waterhouse et al. 2013;

Benedict et al. 2014; Galperin et al. 2015).

In this work, we report a comparative analysis of 77 fully sequenced and assembled
cyanobacterial genomes. Beyond the analysis of the pan- and core-genome, we are particularly
interested in the co-occurrence of Clusters of Likely Ortholog Genes (CLOGSs). Specifically, we
hypothesize that genes with related functions also co-occur within genomes. A well-known
example of such co-occurrences are operons, sets of genes that are under control of a single
promotor and act as a functional unit (Jacob et al. 1960). Operons play a significant role in the
parallel inheritance of physiologically coupled genes through horizontal gene transfer (Koonin et
al. 2001; Pal et al. 2005). More general, however, sets of genes that constitute a functional unit
must not necessarily be co-localized or be under the control of a single promotor. Nonetheless,
a functional dependency typically still requires co-occurrence within the same genome. While
pair-wise co-occurrences can be straightforwardly detected, the identification of larger functional
units, denoted as modules of co-occurring genes, involves the analysis of the community
structure of large networks -- a computationally nontrivial task. In the following, we demonstrate
that an analysis of co-occurrences indeed provides hypotheses about functional relationships

between genes and augments established analysis based on co-localization and other criteria.

The paper is organized as follows. In the first two sections, we briefly recapitulate several key
properties of the cyanobacterial pan- and core genome. In the third section, we then identify co-
occurring CLOGs within the cyanobacterial pan-genome. In the following section, we then go
beyond pair-wise analysis and introduce a weighted co-occurrence network that is used to
identify groups (modules) of co-occurring CLOGs. In the fifth section, we demonstrate that co-
occurrence does not imply co-localization. The final sections are then devoted to analyze

selected examples of modules of co-occurring CLOGs. We demonstrate that these modules
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91 indeed correspond to functional relationships and provide novel hypotheses for gene function.

92  To facilitate further analysis, the work is supplemented with the software toolbox “CyanoCLOG

93  SimilarityViewer” to allow for the exploration of co-occurrences beyond the selected examples

94  discussed here.

95

96 RESULTS

97

98 The cyanobacterial pan-genome revisited

99  Starting point of our analysis are 77 sequenced cyanobacteria sourced from the NCBI GenBank
100 database. To avoid bias due to incomplete genomes, only completely assembled
101 chromosomes, together with their associated plasmids were selected (132 plasmids total). For
102 later reference, the strain Escherichia coli O111:H (denoted as E. coli in the following) was
103  included within the analysis.
104  Orthology of all identified genes was determined based on an all-against-all BLASTp search as
105  described previously (Beck et al. 2012). Gene pairs with a high BLAST score and bidirectional
106  hit rate (BHR) were grouped together and subsequently clustered based on their mutual BLAST
107  score into cluster of likely orthologous genes, denoted as CLOGs. See METHODS for
108 computational details. Due to their unique properties, the cyanobacterium UCYN-A, an
109  endosymbiont with a highly reduced genome (Zehr et al. 2008), and E. coli were not part of the
110 initial core- and pan-genome analysis. Their CLOGs were kept for later analysis. We distinguish
111 between core CLOGs, present in all remaining 76 strains, shared CLOGs, present in one or
112  more but not in all strains, and unique CLOGs, identified only in a single strain. Overall, we
113  identified a total of 58740 CLOGs consisting of 621 core CLOGs, 20005 shared CLOGs, and
114 38114 unique CLOGs. Strains with larger genomes tend to be associated with more shared
115  CLOGs. In contrast, the number of unique CLOGs associated with a single strain is dependent

116  also on the phylogenetic distance to its nearest neighbors -- and is therefore biased by the
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117  coverage of the cyanobacterial phylum, rather than being an intrinsic property of a strain. The
118  number of strains associated with each CLOG is shown in Figure 1A.

119  The overall properties of the pan- and core-genome are in good agreement with previous
120  studies, typically using a smaller number of strains (Beck et al. 2012; Simm et al. 2015). Core
121 CLOGs constitute between 7.4% (Acaryochloris marina MBIC11017) and 33.5%
122  (Prochlorococcus marinus str. MIT 9211) of all CLOGs in a given genome. Evaluating the pan-
123  genome for a subset of strain allows us to extrapolate the expected increase in the size of the
124  pan-genome for newly sequenced genome. The data follows Heap’s law (Figure 1B), indicating
125  approximately 450 genes with sub-threshold similarity to any known protein for each newly
126  sequenced genome (Tettelin et al. 2008). These numbers are in good agreement with the
127 21,107 novel sub-threshold genes identified by recent de-novo sequencing of 54 cyanobacterial
128  strains (Shih et al. 2013). We note that extrapolation of the core genome (Figure 1C) should be
129 interpreted with caution due to the inherent statistical caveats when estimating rare events from
130 limited data (Kislyuk et al. 2011).

131
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133 Figure 1: The cyanobacterial pan- and core-genome. (A) Distribution of CLOGs as a function of the
134 number of assigned strains. (B) Size of the pan-genome estimated for an increasing number of strains.
135  The blue line indicates the mean size of the pan-genome, error bars indicate the standard deviation of 10*
136  randomly sampled subsets of strains. The red line shows a least squares fit of the power law p ~ N°
137  (Heaps’ law), with p denoting the size of pan-genome and N the number of genomes. The estimated
138  exponent g = 0.62 indicates an open pan-genome. (C) Size of the cyanobacterial core-genome estimated
139 for an increasing number of strains. The blue line indicates the mean size of the core-genome whereas
140  error bars indicate the standard deviation of 10* randomly sampled subsets of strains. The estimates of

141 pan- and core-genome do not include genomes of E. coli and Cyanobacterium UCYN-A.
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142  CLOG annotation and the cyanobacterial pan-metabolism

143 CLOGs can be assigned to functional categories based on the annotation of their constituent
144  genes. As expected, annotation coverage in core CLOGs is high, with 589 of 621 (95%) of core
145 CLOGs containing at least one gene with functional annotation (as sourced from GenBank,
146  including unspecific annotation, such as membrane protein but excluding annotations such as
147  hypothetical and conserved hypothetical). Consistent with earlier studies (Mulkidjanian et al.
148 2006; Beck et al. 2012; Simm et al. 2015), functional annotation of core CLOGs is enriched in
149 categories related to cellular metabolism, transcription, translation, and DNA replication. As
150 compared to core CLOGs, annotation coverage for shared and unique CLOGs is significantly
151  lower with 44% (8853 of 20005) and 82% (31132 of 38114), respectively, annotated as
152  hypothetical, predicted or unknown. As observed previously (Beck et al. 2012), annotation is
153  often unspecific or varying in the exact wording, for example “photosystem Il DIl subunit” and
154  “photosystem Il protein D2”. Yet we observe only few instances of conflicting annotations for two
155 or more genes in one CLOG. While automated comparison of conflicting annotation is not
156  straightforward, manual inspection of 1000 CLOGs with at least two genes revealed putative
157  inconsistencies for only 2.5% of the CLOGs. That is, in less than three percent of cases with at
158 least two semantically different annotations, the annotations could not be identified as coinciding
159  atafirst glance.

160  We are specifically interested in the cyanobacterial pan-metabolism. To this end, the constituent
161 genes of each CLOG were matched against the KEGG (Kyoto Encyclopedia of Genes and
162  Genomes) database (Kanehisa et al. 2008) to identify, which CLOGs are associated to EC
163 numbers. We obtained a total of 2361 metabolism-related CLOGs associated with a total of
164 2301 metabolic reactions. We note that enzymes (and hence CLOGs) may catalyze multiple
165 reactions and multiple enzymes (and hence CLOGs) may catalyze the same reaction. Core
166  CLOGs are highly enriched in metabolic function, with 322 of 621 (51.9%) associated with one

167  or more specific reaction. The ratio is significantly lower for shared and unique CLOGs, with
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168 only 1664 (8.3%) shared CLOGs and 408 unique CLOGs (1.1%) associated to one or more
169  specific reactions. Nonetheless, due to the higher number of shared CLOGs, metabolic
170  functionality is primarily encoded in the shared genome. Of the 2301 unique reactions that
171 constitute the cyanobacterial pan-metabolism, 1839 reactions are associated with at least one
172 shared CLOG.

173

174  Co-occurring CLOGs indicate functional relationships.

175  We seek to identify putative functional relationships between CLOGs and hypothesize that co-
176  occurring CLOGs are indicative of a possible functional relationship. We first performed a right-
177  tailed Fisher's exact test to identify pairs of CLOGs who preferentially co-occur within the same
178  strain (see METHODS). Using the multiple test correction method for non-independent tests by
179  Benjamini and Yekutieli (Benjamini and Yekutieli 2001), we obtained a critical p-value of
180  1.43*10° for an accepted false discovery rate (FDR) of 0.01. In consequence, we identified
181 581,741 out of more than 1.7*10° possible pairs of CLOGs whose occurrences are significantly
182 correlated. We note that, by definition, co-occurrence only relates to shared CLOGs. Core
183 CLOGs are not considered in the analysis. The full list of co-occurring CLOGs is provided in
184  Supplement Table 1.

185

186  Manual inspection of co-occurring CLOGs indeed indicates functional relationships. For
187 example, among the pairs with the lowest p-value are the two subunits of cytochrome bd
188  plastoquinol oxidase (CLOGs 11458 and 11459), typically forming an operon. Another example
189 is the co-occurrence between subunits of the hydrogenase maturation protein Hyp, specifically
190 the co-occurence of HypA (CLOG 10002) and HypE (CLOG 12374), as well as of HypE and
191 HypF (CLOG 11744). Importantly, these subunits are not in close proximity on the genome in
192  about half of all strains (16 of 39). Likewise, genes that encode a tocopherol cyclase (EC

193 5.5.1.24, CLOG 9703) and a homogentisate phytyltransferase (EC 2.5.1.115, CLOG 10825) co-
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194  occur. Both CLOGs also co-occur with a CLOG encoding a 4-hydroxyphenylpyruvate
195 dioxygenase (EC 1.13.11.27, CLOG 10837). The genes of this triplet are essential for the
196  biosynthesis of Vitamin E but are not in close genomic proximity on any strain. In the following,
197  we therefore address two aspects of co-occurring CLOGs. Firstly, functional relationships go
198 beyond pairs and may involve groups of CLOGs. Secondly, the genes of co-occurring CLOGs
199  are not necessarily always in close proximity on the genome. Since co-localization of genes on
200 genomes of different species is already used for functional analysis (Winter et al. 2016), the
201 latter fact indicates that co-occurrence provides additional information that augments co-
202 localization as an indicator of a functional relationship.

203

204 We note that, in addition to co-occurrence, also anti-occurrence can be studied. Mutually
205 exclusive pairs of CLOGs, however, are typically associated with specific phylogenetic clades,
206 such as an exclusive association to either alpha-cyanobacteria or beta-cyanobacteria. In the
207  following, we therefore focus on co-occurrence only. A brief analysis of anti-correlated pairs of
208 CLOGs is provided in the Supplementary Text 1.

209

210  Network analysis of co-occurring CLOGs

211 Pair-wise co-occurrences are not sufficient to fully reveal the underlying structure of functionally
212  related CLOGs. Therefore we seek to identify groups of CLOGs, denoted as modules, that co-
213  occur across different genomes. To this end, we consider CLOGs as nodes in a network, such
214  that two CLOGs are connected by a (weighted) link if their co-occurrence is statistically
215  significant. We utilize the weight function w(a,b) between two co-occurring CLOGs a and b,

216
217 w(ab) = S(a.b) = AMI(a,b) x (1 - CI(aNb,r)),

218

10
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219 where AMI(a,b) denotes the adjusted mutual information between the occurrences of CLOGs a

220 and b, and CI(a ﬂb,t) denotes the consistency index with respect to the phylogenetic tree. The

221 adjusted mutual information AMI provides a measure for co-occurrence between zero and unity
222  that is corrected for CLOG size (Vinh et al. 2010). The consistency index Cl measures the
223  phylogenetic distance of the participating genomes, such that links between CLOGs that co-
224  occur in phylogenetically closely related genomes (Cl ~ 1) have less weight, compared to links
225 between CLOGS that co-occur in phylogenetically distant genomes (Cl ~ 0). The CI adjusts for
226  the fact that co-occurrence is biased by phylogenetic proximity. See METHODS for details.

227

228 Based on the resulting weighted co-occurrence network, modules of co-occurring CLOGs were
229 identified using the algorithm of Blondel et al. (Blondel et al. 2008). The algorithm is based on
230  heuristic modularity optimization, parameter-free and reasonably fast. We note that module
231 identification is computationally hard and precise (non-heuristic) formulations are
232  computationally intractable for large networks. Input to the algorithm is the weighted co-
233  occurrence network using a value of w=0.65 as specific cutoff for minimal weight of edges. The
234  results are highly robust with respect to different choices of the cutoff. The workflow is depicted
235 in Figure 2.

236

237  The algorithm of Blondel results in 563 modules comprising a total of 1930 CLOGs. Most
238 modules (542 of 563) are of size ten or less, 93 modules consist of three, 371 modules consist
239  of only two CLOGs, respectively. All identified modules and their constituent CLOGs are listed in
240 Supplement Table 2. We note that, despite the correction for phylogenic proximity, large
241  modules typically reflect different subgroups of cyanobacteria. For example, the largest module
242  consists of 48 CLOGs with seemingly unrelated functional annotation, who (co-)occur in most 3-

243  cyanobacteria, with the exception of both Gloeobacter strains. Similar, the second largest

11
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244  module (41 CLOGs, of which 25 have no annotated function) is mostly associated with alpha-
245  cyanobacteria, excluding all but two Prochlorococcus strains. Smaller modules, however, are
246  typically not associated to particular clades or subtrees and indicate functional relationship

247 between CLOGs.
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250 Figure 2: Network analysis of co-occurring CLOGs. (A) Orthologous genes are identified using an
251 exhaustive all versus all BLAST search and subsequently grouped to Cluster of Likely Orthologous
252 Genes (CLOGs). CLOGs can be classified into three sets: core CLOGs (present in all strains), shared
253 CLOGs (present in some strains) and unique CLOGs (present in a single strain). Two shared CLOGs, a
254  and b, may co-occur in different strains, such that CLOG a is annotated within a strain if and only if CLOG
255 b is also annotated within this strain. (B) A network view on co-occurring CLOGs. CLOGs are interpreted
256  as nodes and connected by a weighted edge if both CLOGs co-occur (using a threshold of w > 0.65).
257 Network analysis reveals the community structure of the co-occurrence network and allows to identify
258 modules of co-occurring CLOGs. Circular maps in (A) were constructed using the CiVi tool (Overmars et
259  al. 2015).
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262 Co-occurrence and co-localization

263  Prior to a detailed analysis of putative functional relationships between CLOGs, we evaluate to
264  what extend the modules of co-occurring CLOGs reflect co-localization in the genome. In
265 particular, we seek to ascertain that modules do not merely recapitulate the known operon
266  structure of functionally related CLOGs. To this end, we tested the modules of co-occurring
267 CLOGs for operon-like structures. For each module an average adjacency score (aAS) was
268 calculated. For each strain, the strain-specific adjacency score of a module is AS = 1 if all
269 corresponding genes within the module are located in close proximity in the respective genome
270 (defined as being separated by less than ten open reading frames from each other), and AS =0
271 if no two genes within a module are located in close proximity to each other. The average
272  adjacency score (aAS) of a module is then given as the average of the AS of all constituent
273  strains. See METHODS for details. The distribution of the aAS for each module is shown in
274  Figure 3A. We observe a dichotomy between modules whose constituent CLOGs (and hence
275 genes) are co-localized in all genomes (aAS ~ 1) and modules whose genes are not co-
276 localized (a AS ~ 0). The strict dichotomy is partly explained by the fact that a large number of
277 modules (371 of 563) consist only of two CLOGSs, hence the respective AS can be either zero or
278 one. Interestingly, the quality of co-occurrences within a module, measured by the average
279  weight function, shows only a weak correlation with genomic adjacency (Figure 3B). Modules
280  with a low average weight function between its CLOGs may exhibit a similar range of adjacency
281 scores as modules with high average weight function.

282
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Figure 3: Genomic proximity of co-occurring CLOGs. The adjacency score represents the proximity of
CLOGs grouped in modules on the genomic level. The histogram in (A) shows a clear dichotomy of the
average adjacency score. The scatter plot in (B) reveals no correlation between the average adjacency
score of a module and the quality of the co-occurrence, represented by the corrected adjusted mutual

information.

In general, modules with high adjacency score often correspond to known operons. For
example, module 9 (aAS=0.87) contains 21 CLOGs related to the formation of nitrogenase (EC
1.18.6.1), whose genes are arranged in one to three operon-like groups in the genome of most

strains. The operon structure of nitrogenase-related genes was previously described by
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294  Mulligan and Haselkorn (Mulligan and Haselkorn 1989). But modules with lower AS may also
295 consist of CLOGs that functionally closely related. For example module 293 (aAS = 0) consists
296 of two CLOGs that are annotated as a substrate-binding and membrane subunit of a
297  carbohydrate ABC transporter. The co-occuring subunits are not in close proximity in any
298 cyanobacterial genome.

299

300

301  We note that the genomic proximity of genes is rather conserved in general, with 317 of 563
302 modules having the same AS in all associated strains, but it can also vary drastically between
303 strains. For example module 52 (aAS=0.34) consists of six genes for nitrate reductase (EC
304 1.7.7.2) and five proteins associated with its assembly. Despite their close functional
305 relationship, the corresponding genes are organized in operons-like structures in only 13 strains
306 (mostly Synechococcus) but are spread across the genomes of 21 other strains. Variations of
307 the genomic adjacency between strains are not straightforward. Neither smaller, streamlined
308 genomes, nor strains with genes organized in multiple plasmids feature a generally difference in
309 the number of operon-like structures (see Supplement Text 1). Overall we conclude, that
310 analysis of the genomic neighborhood is not sufficient to determine candidates for functionally
311 related genes, and that modules of co-occurring genes do not merely recapitulate known co-
312  localization.

313
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313  Modules of co-occurring CLOGSs indicate functional relationships

314  To evaluate to what extent modules of co-occurrence provide novel hypotheses for functional
315  relationships between CLOGs, we exemplarily discuss 20 identified modules in the following.
316  The relationship between the selected modules and their constituent CLOGs are depicted in
317  Figure 4.

318 The most straightforward instances of functional relationships between CLOGs are subunits of
319  heteromultimeric proteins that co-occur across diverse genomes. For example, module 249 (2
320 CLOGs, aAS=0.99) consists of two CLOGs coding for the alpha and beta subunit of a NAD(P)+
321  transhydrogenase (EC 1.6.1.2) and module 352 (2 CLOGs, aAS=1) consists of the subunits |
322 and Il of cytochrome bd quinol oxidase (EC 1.10.3.14) (Howitt and Vermaas 1998). Module 67
323 (5 CLOGs, aAS=0.73) consists of the NiFe-type hydrogenase maturation protein subunits
324  HypA, HypC, HypD, HypE and HybF (Casalot and Rousset 2001). Interestingly, the sixth
325  subunit HypB (CLOG 5882) is not present in this module. The subunit can often be found in
326  multiple copies and is also present in cyanobacteria that do not harbor the other 5 subunits (e.g.
327  Leptolyngbya PCC 7376, Synechococcus CC 9605, among others), suggesting a possible
328 second function. Module 82 (4 CLOGs, aAS=0.68) consists of the alpha, beta, and gamma
329  subunits of urease (EC 3.5.1.5) as well as the urease accessory protein UreG. Urease catalyzes
330 the hydrolysis of urea into carbon dioxide and ammonia as a source of nitrogen. The protein
331 complex assembly is assisted by the four chaperons UreD, UreE, UreF, and UreG (Musiani et
332 al. 2004; Fong et al. 2013). For most strains, the accessory proteins UreD, UreE, and UreF are
333 grouped in Module 113 (3 CLOGS, aAS=0.68). The remaining cyanobacteria that possess
334  urease (e.g. Cyanothece PCC 7424, Leptolyngbya PCC 7376, Trichodesmium IMS101) have a
335 modified UreD and UreF (Module 235, 2 CLOGS, aAS=0.78) but lag the UreE chaperon.

336

337 A second class of functional relationships is modules whose constituent CLOGs encode

338 transporters. In cyanobacteria and other gram-negative bacteria, ABC (ATP binding cassette)
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339 transporters are usually comprised of 3 different molecular components: an ATP-binding/
340 hydrolyzing protein (NBD - nucleotide binding domain), one or two transmembrane proteins
341 (TMD) building a homo- or heterodimeric structure, and a soluble, secreted substrate-binding
342  protein (BP). In varying compositions they form a membrane spanning structure that can
343 actively change its conformation to facilitate the transport of various compounds through the
344  membrane (Tomii and Kanehisa 1998; Oldham et al. 2008). Module 79 (4 CLOGs, aAS=0.87)
345  consists of two transmembrane proteins, one ATP-binding protein, and one soluble substrate
346  binding protein comprising an ABC transporter with unclear specificity. Module 102 (3 CLOGS,
347  aAS = 0.87) groups CLOGs for one substrate-binding proteins as well as two transmembrane
348 proteins for transport of neutral and charged amino acids respectively. These genes are
349 typically found in an operon-like proximity on the genomes together with an ATP-binding protein.
350 Module 110 (3 CLOGs, aAS=0.62) consists of two transmembrane proteins and one ATP-
351  binding protein forming a putative polyamine transporter; Module 282 (2 CLOGs, aAS=0.65)
352  consists of a molybdate transporter that is assembled from a fused NBD-TMD protein as well as
353 the substrate-binding protein. Interestingly, in 16 of the 47 strains these two genes are not in
354  close proximity on the genome. Module 293 (2 CLOGs, aAS=0) consists of the transmembrane
355 and the substrate-binding protein of a carbohydrate transporter. These CLOGs do not form an
356  operon in any strain.

357

358 We note that ATP-binding NBD proteins are not always modularized with the corresponding
359 transmembrane and substrate-binding proteins. It is known, that the ATP-binding proteins of
360 different ABC transporters are highly conserved - up to a degree they can functionally substitute
361  each other (Hekstra and Tommassen 1993; Tomii and Kanehisa 1998). The identity of different
362 NBD-proteins can exceed 60% with a BLAST e-value of e-100 and less. The high degree of
363  sequence similarity therefore results in multiple ATP-binding proteins being clustered together in

364 asingle CLOG (CLOGs 4775 and 4788), compromising the specific patterns of occurrence.
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365 Co-occurrences of CLOGs related to metabolic functions

366 A third class of functional relationships are modules whose constituent CLOGs encode proteins
367 involved in a common metabolic pathway. For example, module 272 (aAS=0.4) consists of two
368 CLOGs encoding for a phosphoketolase (EC 4.1.2.22) and an acetate kinase (EC 2.7.2.1),
369 respectively. The phosphoketolase catalyzes the reaction of fructose 6-phosphate to erythrose
370 4-phosphate and acetyl phosphate, the latter is subsequently converted into acetate by the co-
371  occurring acetate kinase. Therefore the module reflects a functional association, although both
372  genes are not in close genomic proximity in 32 of 53 strains, including Synechocystis sp. PCC
373 6803. Module 203 (aAS=0.9) consists of two CLOGs that code for enzymes of the trehalose
374  synthesis pathway, namely maltooligosyl trehalose synthase (EC 5.4.99.15) and maltooligosyl
375 trehalose hydrolase (EC 3.2.1.141) (Higo et al. 2006). Module 65 (5 CLOGs, aAS=0.31) is
376  associated with the synthesis of hopanoids, which organize the lipid fraction of cell membranes
377 (Kannenberg and Poralla 1999). The module consists of CLOGs whose genes code for the
378 hopanoid-associated sugar epimerase (HpnA), hopene-associated glycosyltransferase (HpnB),
379 squalene-hopene cyclase (HpnF), hopanoid biosynthesis associated radical SAM protein
380 (HpnH) and a not further specified phosphorylase. All strains participating in this module also
381  harbor at least one copy of the squalene synthase (EC 2.5.1.21), which exists in two variants
382 and is therefore split into the CLOGs 10423 and 10424. Module 224 (2 CLOGs, aAS=0.91)
383 consists of two CLOGS encoding an aldehyde decarbonylase (Khara et al. 2013) and an acyl-
384  ACP reductase (Schirmer et al. 2010), respectively. The strict co-occurrence and operon-like
385  structure of both genes has already been described in the context of cyanobacterial alkane
386  biosynthesis (Klahn et al. 2014). Module 303 (aAS=0.9) consists of two CLOGs, acyl-CoA
387 dehydrogenase (EC 1.3.8.7) and 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) — both
388 integral components of the degradation of fatty acids and branched-chain amino acid.
389 Interestingly, in all cyanobacterial strains, genes of these enzymes form an operon-like structure

390 around a gene which is either part of CLOG 19506 (no clear annotation) or CLOG 9342 (acetyl-
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CoA acetyltransferase, EC 2.3.1.16). The latter is part of the fatty acids degradation pathway,
indicating a similar function of the genes in CLOG 16506. Module 338 (2 CLOGS, aAS=0.35)
consists of the enzymes glucosylglycerol-phosphate synthase (EC 2.4.1.213) (Marin et al. 1998)
and glycerol-3-phosphate dehydrogenase (EC 1.1.5.3), which are involved in the synthesis
pathway of osmoprotective compound glucosylglycerol (Hagemann and Erdmann 1994). In
seven of the 23 strains harboring both CLOGs, the corresponding genes are found in operon-
like proximity. Recently, a gene with glycosylglycerol hydrolase activity was identified in
Synechosystis sp. PCC 6803 (Savakis et al. 2016). The gene is not part of the module,

as the respective CLOG is annotated in only 13 of the strains considered here, and

hence does not strictly co-occur.

Co-occurrences of CLOGs related to specific cellular functions

The final class of modules combines CLOGs related to specific cellular process. For example,
Module 52 (6 CLOGS, aAS=0.34) consists of CLOGs encoding molybdenum cofactor
biosynthesis protein A and C, molybdopterin biosynthesis MoeA and MoeE protein as well as a
nitrate reductase and a nitrate reductase associated protein. The co-occurrence can be
explained by the co-factor molybdopterin providing molybdenum to the reaction center of the
nitrate reductase (Woodard et al. 1990). Module 24 (8 CLOGs, aAS=0.65) consists of 8 CLOGs
related to the assembly of gas vesicles proteins. Gas vesicles allow cyanobacteria a controlled
lateral movement in liquid medium. The module also contains CLOGs coding for two ATPases
with unknown function that might be involved in vesicle formation or pumping processes. The
genes of this module are found in close genomic proximity in 10 of the 16 participating

genomes.
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Figure 4: Selected modules and their associated strains. A black box indicates if a CLOG (y-axis) is
associated with a specific strain (x-axis). The first column indicates the module number, the last column
indicates the primary annotation of the respective CLOG. Shown is an excerpt of modules of co-occurring

CLOGs.

Modules provide novel hypotheses for gene function

Of particular interest are modules that combine CLOGs with known function and CLOGs
encoding for unknown or putative regulatory proteins. Modules indicating such co-occurrences
provide hypotheses about the possible functional role of genes with unknown function and might
provide additional insight into regulation of cellular processes. For example module 111 (3

CLOGs, aAS=0.07) consists of glutamate-5-semialdehyde dehydrogenase (EC 1.2.1.41)
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426 involved in the synthesis of essential amino acid L-proline as well as two CLOGs with likely
427  regulatory functions, a pentapeptide repeat protein and a serine/threonine protein kinase.
428 Module 9 (21 CLOGs, aAS=0.87) contains multiple CLOGs associated with the fixation of
429 inorganic nitrogen, as well as five likely regulatory genes. In Nostoc sp. PCC 7120 these are
430 asr1405 (hypothetical protein), all1432 (UBA/THIF-type binding protein, probable hesA),
431  asl1434 (rop-like domain protein), all2512 (probable transcriptional regulator PatB), and asr2523
432 (TPR domain protein). The putative regulatory genes are located almost always in close
433 genomic proximity to the other genes of module, suggesting a role of these genes in the
434  process of nitrogen fixation.

435

436  Other modules involve only CLOGs of unknown function and therefore lack a straightforward
437  functional interpretation. In this case, the shared traits of the strains in which the CLOGs co-
438 occur may provide additional information. For example, module 3 (aAS=0.24) is comprised of
439 36 CLOGs mostly annotated as hypothetical or kinase proteins with 7 signaling related proteins,
440 two heterocyst differentiation proteins, four membrane transporter related proteins, and two
441  segregation proteins. Genes of module 3 can, with a few exceptions, only be found in
442  filamentous cyanobacterial strains, indicating a role of these genes in filamentous growth.
443  Likewise, module 4 (aAS=0.11) combines 30 CLOGs that are solely associated to filamentous
444  cyanobacteria capable of differentiating to heterocysts. The majority of CLOGs in the module
445 lack a specific annotation with only few exceptions, including cytochrome b6f subunit PetM or
446 the heterocyst differentiation protein PatN. Multiple other modules reveal interesting
447  associations of CLOGs, such as CRISPR-related proteins in module 54, 93, and 97, possible
448 chemotaxis genes in module 62, phosphonate lyase related proteins in module 71, and six
449  transposases in module 50.

450
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451  To facilitate further analysis, we therefore provide the CLOG Similarity Viewer. The viewer
452 includes the complete dataset of co-occurrence and allows the exploration of the co-occurrence
453 neighborhood for any (cyanobacterial) gene of interest. See METHODS for details. Overall, we
454  conclude that the analysis of co-occurrences using a network perspective establishes a suitable
455  tool to generate novel hypotheses about putative functional roles of genes.

456

457

458 DISCUSSION

459

460 Decreasing costs for nucleotide sequencing results in an increased availability of complete
461 genome sequences from all domains of life. The increased coverage of individual phyla offers
462 unprecedented possibilities to investigate and eventually understand the manifold adaptations
463 and functional relationships that determine the genetic content of individual species. In this
464  work, we used comparative genome analysis to investigate the cyanobacterial pan-genome
465 based on 77 strains whose complete genome sequence is available. Our focus was the co-
466  occurrence of likely ortholog genes, denoted as CLOGs — motivated by the hypothesis that co-
467  occurrence is indicative of a functional relationship between CLOGs.

468

469 Cyanobacteria form a distinct phylogenetic clade and show enormous diversity in their growth
470 environment (with respect to temperature, salt concentration, humidity), cell shape (single
471 celled, filamentous), and metabolic capability (hydrogen production, diazotrophy). Yet
472  cynaobacteria also (almost) all share a basic metabolic lifestyle, namely autotrophic growth
473  using oxygenic photosynthesis as a primary source of energy and redox potential. We argue
474  that this similar-yet-diverse nature of cyanobacterial growth represents an ideal test case to
475  evaluate gene co-occurrences with respect to putative functional relationships.

476
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477  To investigate co-occurrences of CLOGs, we introduce a novel approach based on a network
478  perspective that allows us to identify modules of co-occurring CLOGs. Our results demonstrate
479 that modules of co-occurring genes are indeed often indicative of functional relationships.
480  Straightforward examples include known operon-like structures and enzymes that catalyze
481 sequential steps in metabolic pathways. Modules of co-occurring genes, however, can also be
482  associated with specific cellular functions and consist of different genes pertaining to that
483  function. Examples discussed here were the assembly of gas vesicles proteins and the
484  biosynthesis of molybdopterin, among several others. Overall, the individual modules exhibit
485  high functional coherence and provide valuable insight into the functional neighborhood of
486 genes. In this respect, co-occurrence supplements (conserved) co-localization as an indicator of
487  a functional relationship.

488

489  We hypothesize that the high functional coherence observed for the extracted modules is also a
490 consequence of the restriction to the similar-yet-diverse cyanobacterial phylum. Related earlier
491 studies either focused on a set of very closely related organisms, such as a set of 8 commensal
492 and 21 pathogenic E. coli strains (Vieira et al. 2011). Or, vice versa, considered global gene-
493 gene co-occurrence in vast number of bacterial species (Kim and Price, 2011). In the former
494  case, the set of organisms typically lacks the necessary diversity to associate genetic content to
495  particular cellular functions and its diversity does not manifest itself in the presence or absence
496 of individual genes. In the latter case, involving a vast number of unrelated bacterial species, we
497  conjecture that possible functional relationships are obscured by the diversity of lifestyles and
498 metabolic functions within the set of considered species. A comparison with the results of a
499 recent analysis involving ~600 bacterial species indeed suggests that the modules identified
500 here are more specific and typically relate to aspects of cyanobacterial functioning and growth,

501 such as nitrogen fixation or formation of gas vesicles — whereas co-occurrence using global
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502 analysis primarily revealed examples related to co-occurrence of enzymes related to few basic
503 metabolic pathways (Kim and Price 2011).

504

505 Based on our results, we expect that a network analysis of modules of co-occurring CLOGs will
506 become a valuable tool to understand the functional relationships between CLOGs. In this
507 respect, of particular interest are modules that consist of CLOGs with specific annotation, as
508 well as genes with unknown function. Such modules provide novel hypotheses for putative gene
509 functions. To facilitate further analysis based on the results presented here, we therefore
510 provide a computational toolbox, the CLOG Similarity Viewer, which allows identification and
511 exploration of gene-gene co-occurrences beyond the examples discussed in the main text. The
512  toolbox is available for MATLAB (The MathWorks, Inc) as well as a stand-alone application for
513 Mac, Linux, and Windows [http://sourceforge.net/p/similarityviewer/].

514
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514 METHODS
515
516  Acquisition of Genomic Data

517 We searched the NCBI Genome database (http://www.ncbi.nlm.nih.gov/genome/) for

518 cyanobacterial entries and selected all fully sequenced and assembled strains. We further
519 included all associated plasmid sequences, as well as the recently annotated Escherichia coli
520 O111:H (denoted as E. coli in the following. In total 78 chromosomes and 136 plasmids were
521  sourced from the NCBI Genome database (January 17. 2015) as listed in Supplement Table 3.
522  An overview of general information of all strains is provided in Supplement Table 4.

523 A phylogenetic tree (Supplement Figure S1) was constructed by extracting the 16S ribosomal
524  RNA sequences of all genomes. Pair wise distances were calculated using the distance model
525 by Jukes and Cantor (Jukes and Cantor 1969) and the BLOSUMG2 scoring matrix. The tree was
526  constructed with the “seqglinkage” function by MATLAB using the standard parameter. As
527  expected, the only non-photosynthetic organism Escherichia coli appeared as outgroup.

528

529  Cluster of Likely Orthologous Genes (CLOGs)

530 Identification of orthologous genes was done as previously described in (Beck et al. 2012).
531 Following an all-against-all BLAST comparison, the bidirectional hit rate between all gene pairs

532 aand b was computed as

Sab Sha
533  BHR=|—2b_|x|2ba |

bestA bestB
Sb S a

534  where S, , is the blastp score of a versus b and S, is the best score of b against any gene in
535  strain A (including a). BHR is one for all mutually best hits and lower otherwise. All gene pairs
536 with a BHR above 0.95 are grouped together. To avoid weakly connected groups, genes in
537 each group were clustered according to their mutual BLAST score using the UPGMA

538 (unweighted pair group method with arithmetic mean) and a cut-off of 20, Hereinafter these
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539 clusters are referred to as CLOGs (Cluster of Likely Orthlogous Genes). Accordingly, genes in
540 one cluster are thought to be orthologous and a similar function is assumed. The method was
541 previously evaluated and compared against other available toolboxes and yields similar results
542  (Beck et al. 2012).

543

544  Similarity of CLOGs and modularization

545  The pair-wise co-occurrence of CLOGs was evaluated in a two-step process. For all 1.7x10°
546  pairs of CLOGs, a right-sided Fisher's exact test was calculated. P-values were corrected for
547  multiple testing using the method by Benjamini and Yekutieli (Benjamini and Yekutieli 2001) with
548 an excepted false discovery rate of 0.01. The critical p-value was below 1.43e-6. For all

549  significantly correlated pairs of CLOG i and j, their similarity was computed as:
550  S(i.j)=AMIij)x (1~ CI(iN j.1))
551 Here, AMl(i,j) denotes the adjusted mutual information between the sequences of species

552  participating in the CLOGs i and j, a variant of the mutual information adjusted for lopsided

553  frequencies (Vinh et al. 2010). The AMI ranges between zero for uncorrelated and one for fully
554  correlated pairs. Consistency index C[(iﬂj,t) measures the consistency of the 16S rRNA

555  phylogenetic tree t - shown in Supplement Figure S1 - to the set of strains participating in both
556 CLOGs jandj (Kluge and Farris 1969). Escherichia coli and Cyanobacterium UCYN-A were not
557  considered when calculating the CI.

558  Anti-correlation between two CLOGs was quantified with the same method but using a left-sided
559  Fisher's exact test. Correction for multiple testing yielded a critical p-value of 4.42*107. The
560 consistency index was not computed for anti-correlated CLOGs and therefore set to zero. The
561 adjusted mutual information remains a positive value with plus one for fully anti-correlated pairs.
562 CLOGs were grouped into modules by constructing a graph with nodes representing the CLOGs

563 and weighted edges between positively correlated CLOGs with an AMI of at least 0.65. The

26


https://doi.org/10.1101/137398
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137398; this version posted May 12, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

564  heuristic and parameter-free community detection algorithm by Blondel et al. was used to
565 identify modules (Blondel et al. 2008).

566

567 Computation of genomic adjacency

568 The genomic proximity of genes in one module was calculated for each strain by sorting these
569 genes according to their position on the chromosome or plasmids. Two genes are defined to be
570 in close proximity if less than ten annotated open reading frames separate their loci. By
571 definition, genes on different chromosomes/plasmids are not in close proximity. The adjacency
572  score is then defined as:

& | 1if gene, | and gene, in close proximity

E { 0 otherwise

573  AS=1=2

n-1
574  where n is the number of genes within one module. The adjacency score ranges between zero if
575 all genes are spread across the genome and one if they all are in close proximity. The average
576 AS (aAS) of a module is then computed as the mean of the AS of all strains with a total of at
577 least two genes in all CLOGs comprising this module.

578
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578 DATA ACCESS

579

580 Supplement Text 1: PDF file with supplementary methods and figures, tutorial of the Similarity
581  Viewer, examination of the anti-correlation of CLOGs, and a more detailed analysis of the
582  genomic adjacency.

583  Supplement Table 1: Table of correlated CLOGs sorted by p-value of Fisher’s exact test

584  Supplement Table 2: Table of all CLOGs sorted by modules.

585  Supplement Table 3: List of chromosomes and plasmids.

586  Supplement Table 4: Genomic and environmental information for all strains analyzed in this
587  study.

588

589 ACKNOWLEDGMENTS

590

591 DISCLOSURE DECLARATION (including any conflicts of interest)

592  The authors declare no conflict of interest. Primary funding for this study was provided by the
593 research grant CyanoGrowth funded by the German Federal Ministry of Education and

594  Research as part of the e:Bio Innovationswettbewerb Systembiologie [e:Bio systems biology
595 innovation competition] initiative (reference: FKZ 0316192).

596
597

28


https://doi.org/10.1101/137398
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137398; this version posted May 12, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

597 REFERENCES

598

599

600 Abed RM, Dobretsov S, Sudesh K. 2009. Applications of cyanobacteria in biotechnology.
601 Journal of applied microbiology 106: 1-12.

602 Beck C, Knoop H, Axmann IM, Steuer R. 2012. The diversity of cyanobacterial metabolism:
603 genome analysis of multiple phototrophic microorganisms. BMC genomics 13: 56.
604 Benedict MN, Henriksen JR, Metcalf WW, Whitaker RJ, Price ND. 2014. ITEP: an integrated
605 toolkit for exploration of microbial pan-genomes. BMC genomics 15: 8.

606 Benjamini Y, Yekutieli D. 2001. The control of the false discovery rate in multiple testing under
607 dependency. Ann Stat 29: 1165-1188.

608 Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E. 2008. Fast unfolding of communities in
609 large networks. J Stat Mech-Theory E doi:Artn P10008

610 10.1088/1742-5468/2008/10/P10008.

611 Calteau A, Fewer DP, Latifi A, Coursin T, Laurent T, Jokela J, Kerfeld CA, Sivonen K, Piel J,
612 Gugger M. 2014. Phylum-wide comparative genomics unravel the diversity of secondary
613 metabolism in Cyanobacteria. BMC genomics 15: 977.

614  Casalot L, Rousset M. 2001. Maturation of the [NiFe] hydrogenases. Trends in microbiology 9:
615 228-237.

616  Cassier-Chauvat C, Veaudor T, Chauvat F. 2014. Advances in the function and regulation of

617 hydrogenase in the cyanobacterium Synechocystis PCC6803. International journal of
618 molecular sciences 15: 19938-19951.

619  D'Auria G, Jimenez-Hernandez N, Peris-Bondia F, Moya A, Latorre A. 2010. Legionella

620 pneumophila pangenome reveals strain-specific virulence factors. BMC genomics 11:
621 181.

622 Donati C, Hiller NL, Tettelin H, Muzzi A, Croucher NJ, Angiuoli SV, Oggioni M, Dunning Hotopp
623 JC, Hu FZ, Riley DR et al. 2010. Structure and dynamics of the pan-genome of

624 Streptococcus pneumoniae and closely related species. Genome biology 11: R107.

625 Fong YH, Wong HC, Yuen MH, Lau PH, Chen YW, Wong KB. 2013. Structure of

626 UreG/UreF/UreH complex reveals how urease accessory proteins facilitate maturation of
627 Helicobacter pylori urease. PLoS biology 11: e1001678.

628 Fouts DE, Brinkac L, Beck E, Inman J, Sutton G. 2012. PanOCT: automated clustering of

629 orthologs using conserved gene neighborhood for pan-genomic analysis of bacterial

630 strains and closely related species. Nucleic acids research 40: e172.

631 Fujisawa T, Narikawa R, Maeda SI, Watanabe S, Kanesaki Y, Kobayashi K, Nomata J,

632 Hanaoka M, Watanabe M, Ehira S et al. 2017. CyanoBase: a large-scale update on its
633 20th anniversary. Nucleic acids research 45: D551-D554.

634  Galperin MY, Makarova KS, Wolf YI, Koonin EV. 2015. Expanded microbial genome coverage
635 and improved protein family annotation in the COG database. Nucleic acids research 43:
636 D261-269.

637 Gupta V, Ratha SK, Sood A, Chaudhary V, Prasanna R. 2013. New insights into the biodiversity
638 and applications of cyanobacteria (blue-green algae)-Prospects and challenges. Algal
639 Res 2: 79-97.

640 Haft DH. 2015. Using comparative genomics to drive new discoveries in microbiology. Current
641 opinion in microbiology 23: 189-196.

642 Hagemann M, Erdmann N. 1994. Activation and Pathway of Glucosylglycerol Synthesis in the
643 Cyanobacterium-Synechocystis Sp Pcc-6803. Microbiol-Uk 140: 1427-1431.

644  Hekstra D, Tommassen J. 1993. Functional exchangeability of the ABC proteins of the

645 periplasmic binding protein-dependent transport systems Ugp and Mal of Escherichia
646 coli. Journal of bacteriology 175: 6546-6552.

29


https://doi.org/10.1101/137398
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137398; this version posted May 12, 2017. The copyright holder for this preprint (which was not

certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

aCC-BY 4.0 International license.

Higo A, Katoh H, Ohmori K, Ikeuchi M, Ohmori M. 2006. The role of a gene cluster for trehalose
metabolism in dehydration tolerance of the flamentous cyanobacterium Anabaena sp.
PCC 7120. Microbiology 152: 979-987.

Hogg JS, Hu FZ, Janto B, Boissy R, Hayes J, Keefe R, Post JC, Ehrlich GD. 2007.
Characterization and modeling of the Haemophilus influenzae core and supragenomes
based on the complete genomic sequences of Rd and 12 clinical nontypeable strains.
Genome biology 8: R103.

Howitt CA, Vermaas WF. 1998. Quinol and cytochrome oxidases in the cyanobacterium
Synechocystis sp. PCC 6803. Biochemistry 37: 17944-17951.

Jacob F, Perrin D, Sanchez C, Monod J. 1960. [Operon: a group of genes with the expression
coordinated by an operator]. Comptes rendus hebdomadaires des seances de
I'"Academie des sciences 250: 1727-1729.

Jukes TH, Cantor CR. 1969. Evolution of protein molecules. Mammalian protein metabolism 3:
132.

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, Katayama T, Kawashima S,
Okuda S, Tokimatsu T et al. 2008. KEGG for linking genomes to life and the
environment. Nucleic acids research 36: D480-484.

Kannenberg EL, Poralla K. 1999. Hopanoid biosynthesis and function in bacteria.
Naturwissenschaften 86: 168-176.

Kettler GC, Martiny AC, Huang K, Zucker J, Coleman ML, Rodrigue S, Chen F, Lapidus A,
Ferriera S, Johnson J et al. 2007. Patterns and implications of gene gain and loss in the
evolution of Prochlorococcus. PLoS genetics 3: e231.

Khara B, Menon N, Levy C, Mansell D, Das D, Marsh EN, Leys D, Scrutton NS. 2013.
Production of propane and other short-chain alkanes by structure-based engineering of
ligand specificity in aldehyde-deformylating oxygenase. Chembiochem : a European
journal of chemical biology 14: 1204-1208.

Kim PJ, Price ND. 2011. Genetic co-occurrence network across sequenced microbes. Plos
Comput Biol 7: €1002340.

Kislyuk AO, Haegeman B, Bergman NH, Weitz JS. 2011. Genomic fluidity: an integrative view of
gene diversity within microbial populations. BMC genomics 12: 32.

Klahn S, Baumgartner D, Pfreundt U, Voigt K, Schon V, Steglich C, Hess WR. 2014. Alkane
Biosynthesis Genes in Cyanobacteria and Their Transcriptional Organization. Frontiers
in bioengineering and biotechnology 2: 24.

Kluge AG, Farris JS. 1969. Quantitative Phyletics and the Evolution of Anurans. Systematic
Zoology 18: 1-32.

Koonin EV, Makarova KS, Aravind L. 2001. Horizontal gene transfer in prokaryotes:
quantification and classification. Annual review of microbiology 55: 709-742.

Marin K, Zuther E, Kerstan T, Kunert A, Hagemann M. 1998. The ggpS gene from
Synechocystis sp. strain PCC 6803 encoding glucosyl-glycerol-phosphate synthase is
involved in osmolyte synthesis. Journal of bacteriology 180: 4843-4849.

Mulkidjanian AY, Koonin EV, Makarova KS, Mekhedov SL, Sorokin A, Wolf Y1, Dufresne A,
Partensky F, Burd H, Kaznadzey D et al. 2006. The cyanobacterial genome core and the
origin of photosynthesis. Proceedings of the National Academy of Sciences of the United
States of America 103: 13126-13131.

Mulligan ME, Haselkorn R. 1989. Nitrogen fixation (nif) genes of the cyanobacterium Anabaena
species strain PCC 7120. The nifB-fdxN-nifS-nifU operon. The Journal of biological
chemistry 264: 19200-19207.

Musiani F, Zambelli B, Stola M, Ciurli S. 2004. Nickel trafficking: insights into the fold and
function of UreE, a urease metallochaperone. Journal of inorganic biochemistry 98: 803-
813.

30


https://doi.org/10.1101/137398
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137398; this version posted May 12, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

697  Oldham ML, Davidson AL, Chen J. 2008. Structural insights into ABC transporter mechanism.

698 Current opinion in structural biology 18: 726-733.

699 Overmars L, van Hijum SA, Siezen RJ, Francke C. 2015. CiVi: circular genome visualization
700 with unique features to analyze sequence elements. Bioinformatics 31: 2867-2869.

701 Pal C, Papp B, Lercher MJ. 2005. Adaptive evolution of bacterial metabolic networks by

702 horizontal gene transfer. Nature genetics 37: 1372-1375.

703 Rasko DA, Rosovitz MJ, Myers GS, Mongodin EF, Fricke WF, Gajer P, Crabtree J, Sebaihia M,
704 Thomson NR, Chaudhuri R et al. 2008. The pangenome structure of Escherichia coli:
705 comparative genomic analysis of E. coli commensal and pathogenic isolates. Journal of
706 bacteriology 190: 6881-6893.

707  Savakis P, Hellingwerf KJ. 2015. Engineering cyanobacteria for direct biofuel production from
708 CO2. Current opinion in biotechnology 33: 8-14.

709  Savakis P, Tan X, Qiao C, Song K, Lu X, Hellingwerf KJ, Branco Dos Santos F. 2016. SIr1670
710 from Synechocystis sp. PCC 6803 Is Required for the Re-assimilation of the Osmolyte
711 Glucosylglycerol. Frontiers in microbiology 7: 1350.

712 Schirmer A, Rude MA, Li X, Popova E, del Cardayre SB. 2010. Microbial biosynthesis of
713 alkanes. Science 329: 559-562.
714  Shih PM, Wu D, Latifi A, Axen SD, Fewer DP, Talla E, Calteau A, Cai F, Tandeau de Marsac N,

715 Rippka R et al. 2013. Improving the coverage of the cyanobacterial phylum using

716 diversity-driven genome sequencing. Proceedings of the National Academy of Sciences
717 of the United States of America 110: 1053-1058.

718  Simm S, Keller M, Selymesi M, Schleiff E. 2015. The composition of the global and feature

719 specific cyanobacterial core-genomes. Frontiers in microbiology 6: 219.

720  Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D, Ward NL, Angiuoli SV, Crabtree J,
721 Jones AL, Durkin AS et al. 2005. Genome analysis of multiple pathogenic isolates of
722 Streptococcus agalactiae: implications for the microbial "pan-genome". Proceedings of
723 the National Academy of Sciences of the United States of America 102: 13950-13955.
724  Tettelin H, Riley D, Cattuto C, Medini D. 2008. Comparative genomics: the bacterial pan-

725 genome. Current opinion in microbiology 11: 472-477 .

726  Tomii K, Kanehisa M. 1998. A comparative analysis of ABC transporters in complete microbial
727 genomes. Genome research 8: 1048-1059.

728 Vallenet D, Belda E, Calteau A, Cruveiller S, Engelen S, Lajus A, Le Fevre F, Longin C, Mornico
729 D, Roche D et al. 2013. MicroScope--an integrated microbial resource for the curation
730 and comparative analysis of genomic and metabolic data. Nucleic acids research 41:
731 D636-647.

732  Vernikos G, Medini D, Riley DR, Tettelin H. 2015. Ten years of pan-genome analyses. Current
733 opinion in microbiology 23: 148-154.

734  Vieira G, Sabarly V, Bourguignon PY, Durot M, Le Fevre F, Mornico D, Vallenet D, Bouvet O,
735 Denamur E, Schachter V et al. 2011. Core and panmetabolism in Escherichia coli.

736 Journal of bacteriology 193: 1461-1472.

737  Vinh NX, Epps J, Bailey J. 2010. Information Theoretic Measures for Clusterings Comparison:
738 Variants, Properties, Normalization and Correction for Chance. J Mach Learn Res 11:
739 2837-2854.

740  Waterhouse RM, Tegenfeldt F, Li J, Zdobnov EM, Kriventseva EV. 2013. OrthoDB: a

741 hierarchical catalog of animal, fungal and bacterial orthologs. Nucleic acids research 41:
742 D358-365.

743  Winter S, Jahn K, Wehner S, Kuchenbecker L, Marz M, Stoye J, Bocker S. 2016. Finding

744 approximate gene clusters with Gecko 3. Nucleic acids research 44: 9600-9610.

745  Woodard LM, Bielkie AR, Eisses JF, Ketchum PA. 1990. Occurrence of Nitrate Reductase and
746 Molybdopterin in Xanthomonas maltophilia. Applied and environmental microbiology 56:
747 3766-3771.

31


https://doi.org/10.1101/137398
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137398; this version posted May 12, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

748  Zehr JP, Bench SR, Carter BJ, Hewson |, Niazi F, Shi T, Tripp HJ, Affourtit JP. 2008. Globally

749 distributed uncultivated oceanic N2-fixing cyanobacteria lack oxygenic photosystem II.
750 Science 322: 1110-1112.
751

32


https://doi.org/10.1101/137398
http://creativecommons.org/licenses/by/4.0/

