
Other pertinent sub-networks 

Carbon metabolism 

Several TFs were predicted to be involved in regulation of carbon metabolism in R. sphaeroides. 

RSP_1663, RSP_0981 and RSP_0489 were already discussed in the main manuscript. Another 

TF predicted to be involved in regulation of R. sphaeroides carbon metabolism is RSP_1181, 

which is annotated as a xylose operon repressor, xylR. Consistent with this annotation, 

RSP_1181 is predicted to regulate a putative xylose ABC transporter (RSP_1178-80), xylB 

(RSP_1177), xylA (RSP_1176), as well as its own expression in our TRN. RSP_1181 is also 

predicted to regulate transcription of L-sorbosone dehydrogenase (RSP_3072), as well as other 

metabolic and transport proteins, suggesting a potentially broader role for this TF beyond xylose 

utilization (Fig. 6, S1 Table (cluster 37)). A phylogenetically conserved inverted repeat binding 

motif (TTTN[A/T]TTTG N CAAA[T/A]NAAA) was identified for this TF (Fig. 6).  

RSP_0185 and RSP_0186 were predicted to regulate genes involved in pyrimidine utilization in 

R. sphaeroides such as allantoate amidohydrolase (RSP_0184), dihydropyrimidine 

dehydrogenase/glutamate synthase (RSP_0189), as well as their own expression. Both of these 

TetR family TFs are homologs of E. coli RutR, which is known to regulate pyrimidine and 

purine utilization [1]. Furthermore, the predicted phylogenetically conserved inverted repeat 

motif for these TFs (T[T/G]ACC N4 CCT[C/A]AA) is similar to one previously identified for E. 

coli RutR [1] (Fig. 6), indicating that our TRN might accurately capture the regulons of these 

TFs. 

R. sphaeroides lacks enzymes required for the metabolism of acetate via the glyoxylate shunt, 

but instead utilizes the recently elucidated ethylmalonyl-CoA pathway for this purpose [2]. A 

large number of the genes encoding enzymes known or predicted to function in the 

ethylmalonyl-CoA pathway are found in Cluster 68 (S1 Table, Fig. 6). These include (R)-3-

hydroxybutyryl-CoA dehydrogenase (RSP_0747), crotonyl-CoA carboxylase/reductase 

(RSP_0960), (2R)-ethylmalonyl-CoA mutase (RSP_0961), Malyl-CoA thioesterase (RSP_0970), 

(2S)-methylsuccinyl-CoA dehydrogenase (RSP_1679) and propionyl-CoA carboxylase 

(RSP_2189), crotonase (RSP_2305). In addition, the NADH/NADPH transhydrogenase enzyme 

(RSP_0239-40) is also a member of cluster 68, which might be expected given the large 

requirement of NADPH for function of the ethylmalonyl-CoA pathway [3]. The members of this 

cluster are predicted to share a common conserved promoter motif of [G/T][C/A]AA N5 

TT[G/T]C and have a shared co-expression pattern suggesting they are under joint control of a 

common TF. However, we were unable to link any high scoring TF to cluster 68, so additional 

experiments are needed to resolve this. 

Overall, the predictions of our TRN suggest R. sphaeroides uses a robust TRN to control carbon 

metabolism. This is not surprising, given its ability to utilize at least 68 different carbon sources 

for growth [3]. Regulation of central metabolism is well studied in E. coli [4,5] and Bacillus 



subtilis [6,7], but not R. sphaeroides or other α-Proteobacteria. To fully utilize the properties of 

R. sphaeroides and other bacteria for biotechnological purposes, it is imperative that the gene 

regulatory networks controlling these crucial aspects of its metabolic network are better 

understood. Our TRN provides a blueprint to gaining additional understanding of carbon 

metabolism in R. sphaeroides and related bacteria. 

Nitrogen Metabolism, Nitrogen Fixation and Hydrogen Production 

Many α-Proteobacteria and most PNB are diazotrophs capable of fixing atmospheric nitrogen 

into ammonia [8]. Consistent with previous observations about the regulation of nitrogen fixation 

genes in R. capsulatus [8], the R. sphaeroides Mo-nitrogenase operon, nifHDK (RSP_0539-41) 

and accessory nitrogen fixation genes, nifXNE (RSP_0535-38), are predicted in our TRN to be 

under the joint control of RpoN (RSP_0527) and NifA (RSP_0547). In other α-Proteobacteria, 

NifA is a known transcriptional activator of the nitrogenase structural genes, recruiting RpoN to 

the promoter of the nif operon to stimulate transcription under nitrogen-limiting conditions [8]. A 

similar positive control mechanism for NifA in nitrogen fixation is predicted in our TRN. In 

addition to RpoN and NifA, another TF predicted by our TRN to participate in the regulation of 

the nif operons is RSP_3339 – a GntR family TF. In addition to the nif operons, RSP_3339 is 

also predicted to regulate spermidine/putrescine (RSP_3337-8) and di-/oligopeptide transporters 

(RSP_3892) (S1 Table (cluster 45)). Thus, RSP_3339 might control nitrogen metabolism in the 

presence of specific nitrogen sources or under certain nitrogen-limiting conditions. Finally, our 

TRN predicts that RSP_3771 – a XRE-family TF, negatively regulates the expression of the nif 

genes functioning antagonistically to NifA and potentially preventing the unnecessary expression 

of proteins involved in the energetically demanding process of nitrogen fixation. 

In addition to the nif genes, RpoN is predicted to regulate a small number of other operons 

including those encoding proteins proposed to transfer electrons to the nitrogenase [8,9] 

including rnfABCDGEH (RSP_3192-9) and the genes in the RSP_3191-88 operon (S1 Table 

(cluster 5)). The features of the predicted RpoN regulon in our TRN model could reflect either a 

highly specialized role for this σ factor in R. sphaeroides or a limitation of our approach in 

identifying targets for this transcriptional regulator. 

NtrC is predicted in our TRN model to bind a phylogenetically conserved inverted repeat motif 

of GC N11 GC (S1 Table (cluster 1)). NtrC is predicted to regulate transcription of genes 

encoding proteins involved in maintaining cellular nitrogen homeostasis including GlnB 

(RSP_0146), GlnK (RSP_0889), AmtB (RSP_0888), dihydropyrimidine 

dehydrogenase/glutamate synthase (RSP_0189), as well as its own operon that includes genes 

like NifR3 (RSP_2836) and NtrB (RSP_2837). These predictions are consistent with the known 

role of NtrC in regulating genes and pathways in response to environmental nitrogen level [8]. 

The production of H2 in R. sphaeroides is intimately linked to the nitrogen status of the cell, as 

the nitrogenase enzyme is the major source of H2 in this bacterium [8-10]. Transcription of the 



uptake hydrogenase enzyme, which splits H2 into protons and electrons, is increased under H2 

producing conditions [11]. H2 is sensed via HupTUV, while the hydrogenase genes hupSL are 

directly bound by the response regulator HupR in R. capsulatus [12]. Consistent with these 

observations, our TRN predicts that genes encoding subunits of the uptake hydrogenase hupSL  

(RSP_0495-6) and several accessory proteins (RSP_0497-RSP_0509) are under the control of 

the response regulator, HupR (RSP_0507) in R. sphaeroides (S1 Table (cluster 84)). 

DNA Repair 

Similar to other well studied bacteria such as E. coli [13,14], the DNA repair machinery in R. 

sphaeroides is predicted in our TRN to be controlled by the LexA (RSP_1997) repressor (S1 

Table (cluster 59)). Our TRN predicts LexA regulates transcription of recA (RSP_0452), putative 

DNA repair enzyme (RSP_1458), lexA (RSP_1997), uvrD (RSP_2092), DNA-binding protein 

(RSP_2234) and uvrA (RSP_2966), all genes known or predicted to be involved in DNA repair 

and which are verified LexA targets either in R. sphaeroides [14,15] or other bacteria [13]. Our 

TRN also predicts that LexA binds to the direct repeat motif GTTC N7 GTTC, consistent with a 

previously identified SOS box for R. sphaeroides [14]. 

In addition, our TRN predicts that LexA regulates genes involved in other processes such as 

class I diheme cytochrome c (RSP_0306), ferredoxin (RSP_0352), aldo/keto reductase 

(RSP_0423), UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase (RSP_2115), 

and several hypothetical proteins (RSP_0424, RSP_1656, RSP_2624, RSP_6187, and 

RSP_6249). Most of these predicted target genes are likely involved in various aspects of 

metabolism, suggesting that the functional role of LexA in R. sphaeroides might extend beyond 

DNA repair, as has been reported in some other bacteria [16,17]. 

Flagella biosynthesis, cell motility and chemotaxis 

R. sphaeroides has a single uni-directionally rotating flagellum used for swimming and 

chemotaxis [18]. The R. sphaeroides genome encodes 3 chemotaxis (cheOp1 (RSP_2443-33), 

cheOp2 (RSP_1583-89) and cheOp3 (RSP_0049-2)) and 2 flagella (RSP_0052-66 and 

RSP_0083-71) operons [19-21]. Consistent with previous observations [22-24], our TRN 

predicts that the regulation of flagella biosynthesis and cell motility, as well as chemotaxis, is 

jointly controlled by 3 TFs: FliA (RSP_0032), RpoN2 (RSP_0068) and FleQ (RSP_0071) (S1 

Table (clusters 77, 78 and 79)). 

FliA and RpoN2 are predicted in our TRN to jointly regulate cheOp2 and cheOp3, as well as both 

flagella biosynthesis operons. In addition, several genes located outside of the chemotaxis and 

flagella operons but likely important in motility and chemotaxis were also predicted to be part of 

this shared regulon, including RSP_3083 (methyl accepting chemotaxis protein), RSP_3302 

(chemotaxis response regulator CheY4), RSP_3303 (putative methyl accepting chemotaxis 

protein McpG) and others (S1 Table). On the other hand, FleQ is predicted to regulate only 

cheOp2 as well as the flagella operon RSP_0052-66, consistent with the previous implication of 



FleQ in the regulation of these flagella genes [23]. FleQ is also predicted to regulate genes 

outside the chemotaxis/flagella operons including RSP_0513 (a putative glycoside hydrolase) 

and RSP_3432 (methyl-accepting chemotaxis protein). 

Interestingly none of the 3 TFs in this motility sub-network was predicted to regulate cheOp1. 

Previous mutational analysis of the cheOp1 operon showed its loss had little impact on R. 

sphaeroides motility, unlike cheOp2 and cheOp3 [18,20],which are required for normal 

chemotatic responses [19-21]. These results might mean that cheOp1 is not expressed under 

experimental conditions analyzed thus far and might be under the control of a completely 

different, as a yet unidentified, regulatory program from the other chemotaxis and flagella genes. 

Heat Shock and Oxidative Stress Responses 

The ability of an organism to survive in nature is also highly dependent on its ability to mount 

effective responses to various environmental stresses. Previous analysis of two R. sphaeroides 

σ
32

 paralogs, RpoHI (RSP_2410) and RpoHII (RSP_0601), revealed the overlapping but distinct 

regulons of these σ factors, indicating a convergence in the transcriptional responses to heat 

shock and singlet oxygen [25,26]. RpoHI, primarily involved in the cellular response to heat 

shock, directly regulates a large regulon consisting of ~175 target genes involved in a wide 

variety of functions ranging from protein folding to fatty acid biosynthesis [25]. Our TRN 

accurately captures a portion of this regulon, identifying several genes directly involved in heat 

shock response such as HtpX (RSP_0554), a zinc dependent protease HtpX (RSP_2649), 

RSP_0559, Hsp20 (RSP_1572) and a small heat shock protein (RSP_1016), in addition to 

several other proteins of varying function previously identified as part of the RpoHI regulon (S1 

Table (cluster 4)) [25]. In total, 15 experimentally verified RpoHI target operons were identified 

in our TRN model. In addition, new putative targets such as recA (RSP_0452) and lolA 

(RSP_1497) were also predicted as direct targets for RpoHI.  

On the other hand, RpoHII expression is induced in response to the presence of the reactive 

oxygen species singlet oxygen in R. sphaeroides [25]. Previous ChIP-chip and expression 

analysis identified 144 direct targets of RpoHII, 45 of which overlap with RpoHI targets. 

Consistent with the previously verified regulon for this σ factor, our TRN predicts RpoHII 

regulates the expression of genes involved in maintenance of the glutathione pool (glutathione 

peroxidase (RSP_2389), hydroxyacylglutathione hydrolase (RSP_2294), glutathione S-

transferase (RSP_1591)) and oxidative DNA damage repair (oxidoreductases (RSP_2314, 

RSP_3537), RSP_2388), amongst others (S1 Table (cluster 85)). In total 17 verified direct 

RpoHII targets were identified in our TRN with no new predicted members of this regulon. 

While RpoHII regulates transcription of the genes required to amount a stress response to singlet 

oxygen, σ
E  

(RSP_1092) is the master regulator of this response in R. sphaeroides [27]. Previous 

analysis of the σ
E 

using ChIP-chip and expression analysis, identified the direct targets of σ
E 

[28]. 

Our TRN captured a significant portion of the known σ
E
 regulon including RSP_1088-91, 



RSP_1092-3, phrB (RSP_2143) and RSP_1852. However, other target genes like RpoHII , 

RSP_1409 and cycA (RSP_0296) were not predicted in our analysis (S1 Table (cluster 90)). 

The cellular response to oxidative stress caused by H2O2 is modulated by OxyR in many bacteria 

including E. coli and R. sphaeroides [29]. Our TRN predicts that R. sphaeroides OxyR 

(RSP_2780) regulates its own expression, as well as that of catalase (RSP_2779), a verified 

direct OxyR target in R. sphaeroides [29]. In addition, a ferretin-like protein (RSP_0850) and a 

TetR family TF (RSP_6137) are predicted to be R. sphaeroides OxyR targets (S1 Table (cluster 

8)), suggesting that this TF may initiate a transcriptional cascade in this bacterium. OxyR 

regulation of ferritin has previously been reported in other bacteria [30], where it is proposed to 

serve as an iron reservoir to prevent Fenton chemistry. While motifs for LysR TFs like OxyR are 

often difficult to identify, our phylogenetic footprinting analysis allowed us to identify several 

LysR-type motifs, including a highly conserved motif for OxyR in R. sphaeroides, highlighting 

another advantage of utilizing a comparative genomics approach for TRN reconstruction. 

Other major cellular sub-networks 

Furthermore, consistent with its role as the housekeeping σ factor, RpoD (RSP_0395) is 

predicted to control a large number of genes within our TRN. Seven different clusters were 

predicted to be under the control of RpoD, with these clusters being enriched in functions 

ranging from electron transport to protein synthesis (Fig. S5, clusters 12, 26, 39, 43, 52, 54, 58 –

S1 Table), consistent with known global role of RpoD in bacteria. The predicted DNA sequence 

motifs in all clusters resembled typical -35 -10 motifs bound by RpoD with variations in each 

motif sufficient to cause them to be split into different clusters. Another σ factor predicted to be 

involved in the regulation of general processes is RSP_2681, a Group IV or ECF family 

alternative sigma factor. RSP_2681 is predicted to be involved in the regulation of 2 gene 

clusters that encode proteins involved in protein synthesis and fatty acid biosynthesis (S1 Table 

(clusters 32 and 57)). 

In addition to the above sub-networks, several other predictions of our TRN are either consistent 

with previous knowledge or represent entirely novel predictions which remain to be verified. For 

instance, PhoR (RSP_2599) is predicted regulate the expression of RSP_2601-3 (phosphate 

ABC transporter), while RSP_2800 is predicted to regulate genes encoding proteins involved in 

pyrroloquinoline quinone biosynthesis PqqEDCB (RSP_0790-3). RSP_2801 is predicted to 

regulate transcription of carotenoid biosynthesis genes crtEF (RSP_0265-4) and crtDE 

(RSP_0266-7). On the other hand, RSP_1243 and RSP_2963 are predicted to be involved in the 

regulation of genes involved in fatty acid/PHB biosynthesis, while RSP_2171 (MetR) is 

predicted to regulate methionine biosynthesis (S1 Table). 
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