Detailed discussion of B vitamin pathway fusions.
Fusions of B vitamin pathways genes showed distinct patterns in their distribution, frequency, and variety. Fusions followed different distribution patterns along the biosynthetic pathways (Figures 2 and 3). Most of the genes corresponding to each pathway were involved in at least one fusion event, except for the pyridoxal phosphate genes (Tables S2-S8 in Additional file 1). Some proteins like RibB, RibA, ThiE, ThiD, (Figures 2 and 3 and Tables S2B-S3B in Additional file 1), CoaE, FolB, and FolK (Tables S4B-S8B in Additional file 1) participated in more than seven different fusion events. Some points in these pathways were hot spots for fusions (Figures 2 and 3); possible rationales for this will be discussed later.
Some of the B vitamin gene fusions analyzed were extremely frequent (Figures 2 and 3 and Tables S2 and S3 in Additional file 1). For example, RibFa/RibFk and RibDd/RibDr were fused in around 99% of the genomes analyzed. Another pair, RibA/RibB, were fused in 77% of cases. The most prevalent fusions involved functions catalyzing adjacent steps in a pathway, such as RibDd/RibDr or RibFa/RibFk. However, not all genes encoding adjacent steps in the riboflavin pathway were found in fusions. For instance, RibH and RibE were fused in only ~0.5% of all genomes analyzed (Figure 2 and Table S2B in Additional file 1).
B vitamin genes participated in fusions with genes in the same or different pathways. The most common fusions were between functions in the same pathway. In the case of the riboflavin pathway, out of the 22 fusion types, 13 involved genes within the same pathway, four involved well annotated genes of other pathways, and nine involved poorly characterized domains (Figure 2 and Table S2A in Additional file 1). Similarly, for thiamin, 20 out of 25 fusion types involved genes within the same pathway (Fig. 3 and Table S3A in Additional file 1). A substantial number of B vitamin synthesis proteins were fused to domains of unknown function (Tables S2-S8 in Additional file 1). This is particularly important, since our fusion detection algorithm aims to detect fusions of well-characterized genes with domains of unknown function.
Refining the definition of a gene fusion to build a new fusion prediction algorithm
Our comparison of the previously reported E. coli fusions datasets revealed the difficulties in classifying genes as fusions, even in a well-studied organism. No single method gave a comprehensive list and manual analysis and expert judgment had to be applied to all datasets. The combination of curated sets of known fusions from the B vitamin pathways and the E. coli genome permitted the development of a refined set of specific criteria to define a fusion event, which merged elements of the existing domain-based and Rosetta-stone-protein-based fusion definitions. These criteria formed the basis for a new high-speed fusion prediction algorithm, which we applied to generate a vast dataset of 3.8 million potential fusions across ~12,000 genomes. This new fusion dataset gives insights into why fusions occur, and is a valuable resource to support the functional annotation of genes included in the dataset.
Analysis of fusion events in metabolism
Our global analysis of fusion events showed that a large fraction of fusions involve metabolic enzymes. A study of the reactions associated with these enzymes suggested that many fusions occur in order to overcome thermodynamic and kinetic bottlenecks in metabolic pathways, or simply to optimize the flux through central pathways that have a large impact on growth rate, and thus cell fitness. Channeling is one major mechanism for overcoming these bottlenecks in metabolic pathways, but of course not all fused proteins have a structure that can promote channeling. Hence, a careful structural analysis of the proteins involved in a fusion should be done to test the channeling hypothesis. Moreover, channeling can also be supported by separate proteins arranged into an enzymatic complex as in bacterial tryptophan synthase [1]. Indeed, fusions can be a contributing element to complex formation, as cited above [2]. In conclusion, detecting fusions of neighboring functions can be used in the search for channeling mechanisms but is only a starting point. 
In other cases, we found that fused enzymes are commonly located at branch points in pathways, where fusion events could either prevent the consumption of an intermediate metabolite by a competing side pathway, or facilitate the coordinated production of two metabolites that then react with each other in a subsequent pathway step. A prominent example is the fusion of RibA (rxn05040, Table S16 in Additional file 1) to RibB (rxn00300, Table S16 in Additional file 1) in riboflavin synthesis. The RibA- and RibB-mediated reactions are not consecutive steps in a pathway, but rather produce two intermediates that are subsequently combined in a later step. A more complicated case is the fusion of three enzymes of thiamin biosynthesis (Figure 3 and Table S3 in Additional file 1): (i) TenI, a thiazole tautomerase, that produces 2-(2-carboxy-4-methylthiazol-5-yl)ethyl phosphate; (ii) ThiD, a hydroxymethylpyrimidine phosphate kinase that produces 4-amino-2-methyl-5-diphosphomethylpyrimidine; and (iii) ThiE, a thiamin-phosphate pyrophosphorylase, that consumes the products of TenI and ThiD to produce thiamin monophosphate. In both examples, a fusion could help co-localize intermediates to facilitate and coordinate the coupling of cellular processes that must occur in parallel.
Another common source of fusions is the combination of enzymes comprising a multi-protein complex. One example of this type is the CoA synthesis enzyme phosphopantothenoylcysteine synthetase, CoaBC (rxn02341, Table S16 in Additional file 1), whose domains, in other organisms, exist as separate proteins that form a complex [3-5]. This enrichment of fused proteins that form complexes has been noted in other studies [2].  
Still another reason for metabolic fusion events could be to reduce the potential detrimental effects of metabolite damage. The fusion of neighboring enzymes in pathways can sometimes be correlated with instability of intermediates (Table 4); known cases in which fusions support the channeling of unstable metabolites include formiminotransferase/cyclodeaminase [43] , yeast tryptophan synthase [1], and proline dehydrogenase /1-pyrroline-5-carboxylate dehydrogenase [6]. Fusions may also link enzymes that produce unstable compounds to enzymes that destroy an excess of the unstable compound or its breakdown products [7]. In other cases, the fused enzymes work together to form a repair system to restore a damaged metabolite to its pristine condition, as is the case for the bacterial NAD(P)H hydrate epimerase/NAD(P)H hydrate dehydratase [8]. Such fusions form an important element of the network of housecleaning and repair enzymes in the cell [9], which is why fusion analysis is useful for discovering metabolite damage-repair systems (Table 4).
The fusion events in metabolism also revealed unexpected links between disparate metabolic pathways. We found three examples of this type of fusion among the B vitamin pathways: (i) ACAD/RibA, a fusion of acyl-Coenzyme A dehydrogenase and GTP cyclohydrolase II (Table S2 in Additional file 1); (ii) TruB/RibFa/RibFk, a fusion of tRNA pseudouridine synthase B/FMN adenylyltransferase/riboflavin kinase (Table S2 in Additional file 1); (iii) RibFa/RibFk/MnmA, a fusion of FMN adenylyltransferase/riboflavin kinase/tRNA-specific 2-thiouridylase (Table S2 in Additional file 1); and (iii) BirA/CoaX a fusion of biotin-protein ligase with pantothenate kinase type III (Table S4 in Additional file 1). Inter-pathway fusions also occur in eukaryotes (e.g. the fusion of pyridoxamine 5'-phosphate oxidase and NAD(P)H-hydrate epimerase in plants [10]). Such fusions should be investigated as they might reflect cryptic relationships between metabolic functions.
Analysis of fusion events in transporters and regulators
Our global fusion analysis also revealed enrichment for transport and regulatory proteins among gene fusion events. This was true both in the E. coli set (Figure 1, Table S1 in Additional file 1) and in the total fusion set (Figure 5, Table S14 in Additional file 1). In the case of the manually curated B vitamin set, these fusions were not captured by design as we focused only on the genes that were fused to synthesis enzymes. However, fusions in transporters can also be found in the B vitamin area. For example, the thiamin ABC transporter (rxn09297, Table S16 in Additional file 1) is composed of transmembrane subunits, substrate-binding subunits, and ATP hydrolysis subunits that are often fused. This fusion enrichment in transport proteins could also explain why the potassium metabolism area was specifically enriched in fusions, as it mainly contains transporter proteins. 
Fusions of well characterized genes with unknowns
[bookmark: _GoBack]The fusions identified in this work are a valuable resource for future genome annotation, particularly for the large number of fusions involving domains for which no annotation exists. For example, many fusions have domains labeled only with COG (Clusters of Orthologous Groups) or DUF (Domain of Unknown Function) identifiers, yet something – perhaps much – about their function can be inferred from their strong association to a known functional role. As shown in Table 4, there are multiple cases where fusions between genes of unknown function and genes in a vitamin pathway led to the discovery of a novel function. Of particular interest are the domains from the Nudix [11] or HAD (HaloAcid Dehalogenase [12-14]) superfamilies, as their general function (pyrophosphatase or phosphatase, respectively) can be inferred with reasonable confidence. The fusion dataset produced here is a valuable and rich resource to mine these associations. Indeed, searching for the term ‘DUF’ in the fusion list gave ~300,000 fused genes (of course not all independent). When searching for more specific domains, ~8,000 genes were found to have a fusion with a Nudix hydrolase domain. Two examples of such fusions, one with a DUF and one with a Nudix domain, and how these can be used to predict function, are discussed below.
The first example links DUF934 and sulfur metabolism (Figure 7B). Cells use a large amount of energy in assimilating sulfate into cysteine, homocysteine, and other sulfur compounds. This energy demand creates selective pressure to salvage or repair metabolites containing activated or reduced sulfur [15]. To hunt for potential salvage or repair enzymes in sulfur metabolism, we analyzed fusions involving sulfur metabolism genes and found eight cases of fusions of phosphoadenylyl-sulfate reductase (CysH) (EC 1.8.4.8), one of the first enzymes in sulfate assimilation, with DUF934. These fusions occurred in both possible orientations: CysH/DUF934 and DUF934/CysH. Moreover, analysis of the clustering pattern of these fusions in SEED showed that both types of fusion, as well as stand-alone DUF934 encoding genes, cluster with sulfite reductase genes (Figure 7B). Since both phosphoadenylyl-sulfate and adenylyl-sulfate are quite reactive and can undergo chemical damage [16], it is reasonable to propose that DUF934 participates in the salvage or repair of activated sulfate compounds.
The second fusion example is between the central metabolism enzyme acetyl-coenzyme A carboxyl transferase (aCoACT) (EC 6.4.1.2), and a protein belonging to subgroup 15 (or  cd04673 CDD domain) of the Nudix superfamily [11]. aCoACT is one of the first enzymes of fatty acid synthesis [17]. This protein occurs in >2,000 gene fusion events of which the majority are fusions between the alpha and beta subunits of this enzyme as well as fusions with biotin carboxylase that forms part of the same enzyme complex [17]. By limiting the search to fused genes ranging from 1,500 to 2,000 base pairs in size, we identified a Nudix domain fused to aCoACT in various species of Gordonia. As Nudix enzymes are known to hydrolyze coenzyme A [18] and acyl-coenzyme A [19], it is possible that Nudix subfamily 15 hydrolyzes acetyl-coA or some modified form of this compound. We then used SEED to explore the clustering patterns of the fusion in Gordonia polyisoprenivorans HW436 and its closest homologs. Fused genes of aCoACT/Nudix_15 were found to cluster with genes encoding the alpha and beta chains of the TCA cycle enzyme succinyl-CoA ligase (Figure 7B). Members of the Nudix_15 subfamily were also found to occur as stand-alone proteins in several organisms, and in some cases to cluster with succinyl-CoA ligase alpha and beta chains or with L-malyl-CoA/beta-methylmalyl-CoA lyase (Figure 7B). Thus fusion analysis points to a role for the Nudix_15 subfamily in the hydrolysis of acetyl-coA or a derivative thereof.
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