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The marine bacterium Marinobacter hydrocarbonoclasticus grows under oxygen-limiting

conditions by nitrate or nitrite respiration. The genome sequence analysis indicates that

gene clusters encoding the enzymes and accessory factors required for each step of the

denitrification pathway are clustered together. An unusual feature is the co-existence of

genes encoding a q-type and a c-type nitric oxide reductase, although cells grown in the

presence of 10 mM sodium nitrate and low oxygen tensions at pH 7.5, only transcribed the

latter gene at similar levels as the ones encoding the catalytic subunits of the other

denitrifying enzymes. Under these conditions, using either a batch- or a closed system,

nitrate is completely consumed in the beginning of the growth, with transient formation of

nitrite. These cells can reduce nitric and nitrous oxide, indicating that the four

denitrification steps are active. Gene expression profile together with promoter regions

analysis indicates the involvement of a cascade regulatory mechanism triggered by FNR-

type in response to low oxygen tension, with nitric oxide and nitrate as secondary

effectors, through DNR and NarXL, respectively. This global characterization of the

denitrification pathway of a strictly marine bacterium, contributes to the understanding of

the N-cycle and nitrous oxide release in marine environments.
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26 Abstract

27 The marine bacterium Marinobacter hydrocarbonoclasticus grows under oxygen-limiting 

28 conditions by nitrate or nitrite respiration. The genome sequence analysis indicates that gene 

29 clusters encoding the enzymes and accessory factors required for each step of the denitrification 

30 pathway are clustered together. An unusual feature is the co-existence of genes encoding a q-

31 type and a c-type nitric oxide reductase, with only the latter gene being transcribed at similar 

32 levels as the ones encoding the catalytic subunits of the other denitrifying enzymes, when cells 

33 are grown in the presence of 10 mM sodium nitrate and low oxygen tensions at pH 7.5. Under 

34 these conditions, using either a batch- or a closed system, nitrate is completely consumed in the 

35 beginning of the growth, with transient formation of nitrite. These cells can reduce nitric and 

36 nitrous oxide, indicating that the four denitrification steps are active. Gene expression profile 

37 together with promoter regions analysis indicates the involvement of a cascade regulatory 

38 mechanism triggered by FNR-type in response to low oxygen tension, with nitric oxide and 

39 nitrate as secondary effectors, through DNR and NarXL, respectively. This global 

40 characterization of the denitrification pathway of a strictly marine bacterium, contributes to the 

41 understanding of the N-cycle and nitrous oxide release in marine environments.

42
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49 Introduction

50 Under anaerobic conditions, some organisms can use nitrate or nitrite as the sole electron 

51 acceptor in a pathway known as denitrification. This pathway allows the generation of an 

52 electrochemical gradient across the inner membrane, leading to energy conservation and ATP 

53 synthesis (Zumft 1997).

54 The denitrification pathway is composed of four consecutive reactions, each catalyzed by a 

55 different metalloenzyme (Table 1): reduction of nitrate to nitrite, by nitrate reductase (NaR), then 

56 to nitric oxide (NO), by nitrite reductase (NiR), to nitrous oxide (N2O) by nitric oxide reductase 

57 (NOR) and, finally, to molecular dinitrogen, a reaction catalyzed by nitrous oxide reductase 

58 (N2OR) (Zumft 1997). In different organisms, each step of the denitrification pathway can be 

59 catalyzed by more than one metalloenzyme (Table 1), but only the co-existence of nar and nap, 

60 encoding nitrate reductases, has been reported in some bacteria (Heylen et al. 2007). Moreover, 

61 only in the case of nitrite reductases (NiR), their catalytic center differs (being either a Type 2 Cu 

62 center, copper NiR (CuNiR), or a d1-type heme, cytochrome cd1NiR (cd1NiR)).

63 These active centers of the denitrification enzymes are usually quite unique, as in the case of the 

64 d1-type heme of cd1NiR or the CuZ center of N2OR, and thus require an array of accessory 

65 proteins and enzymes for their biosynthesis, which have only recently started to be better defined 

66 (Bali et al. 2014; Zumft & Kroneck 2007). The pathway for d1-type heme biosynthesis, which 

67 diverges in the last steps from the c-type heme, has only recently been identified, and in many 

68 organisms involves a group of eight enzymes and chaperons (Bali et al. 2014). In the case of 

69 N2OR several accessory factors, involved either in the active center biosynthesis or in 

70 maintaining the enzyme in an active state, are encoded by genes organized in an operon or in 

71 close proximity to nosZ, which encodes N2OR (Zumft & Kroneck 2007). This enzyme is a 

72 functional homodimer (Pauleta et al. 2013), such as cd1NiR, and contains two copper centers, 

73 CuA and CuZ, each in a different domain. While CuA center is homologous to the one found in 

74 cytochrome c oxidase, CuZ center is quite unique in nature as being a tetranuclear copper-sulfide 

75 center (Brown et al. 2000).

76 The genes encoding these enzymes and some of the accessory factors, involved in the 

77 biosynthesis of their active centers are located in close proximity and are sometimes transcribed 

78 as polycistronic units (Pauleta et al. 2013; Zumft 1997). The regulatory network of those genes is 

79 complex and vary between organisms, but signals as oxygen, nitrate/nitrite, NO and cell redox 
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80 changes are usually implied in triggering a cascade of transcription factors able to activate or 

81 repress the promoters of denitrification genes. Although the regulatory mechanisms are not 

82 completely understood, some proteins, such as fumarate-nitrate reduction regulator (FNR), 

83 dissimilatory nitrate respiration regulator (DNR) and nitrite and nitric oxide regulator (NNR) or 

84 their orthologs, that sense those signals through iron-sulfur centers or hemes, bind DNA 

85 sequences at the promoters regions of the denitrification genes (Spiro 2012).

86 Moreover, most of the studies on the denitrification pathway have been focused on Gram-

87 negative bacteria that occupy terrestrial niches, using Paracoccus denitrificans (alpha-

88 proteobacteria), Pseudomonas stutzeri and Pseudomonas aeruginosa (gamma-proteobacteria), as 

89 model organisms (Zumft 1997). There are still few studies on the identification and diversity of 

90 genes involved in denitrification in other families of bacteria, especially marine bacteria, which 

91 could in part be related to a restricted number of denitrifying isolates and of complete genomes.

92 The release of nitrous oxide to the atmosphere is in large extent due to anthropogenic activities, 

93 such as industrial and agriculture, but the natural sources (soil and ocean) also play a role, which 

94 has led to an increasing number of studies on the nitrogen cycle, and especially on the 

95 denitrification pathway. However, many of these studies were performed on bacteria that occupy 

96 terrestrial niches, leaving marine bacteria without the proper attention. Therefore, and since a 

97 large amount of nitrous oxide released from natural sources comes from the ocean (Bange 2006), 

98 it is of urge to characterize the denitrification pathway of marine bacteria, as is the case of 

99 Marinobacter hydrocarbonoclasticus.

100 Marinobacter species are one of the most abundant marine microorganisms, being found in 

101 different depths in the oceans and marine ecosystems (Kaye & Baross 2000; Yoon et al. 2003) 

102 and so far, three species of M. hydrocarbonoclasticus had its genome sequenced (Grimaud et al. 

103 2012; Ling et al. 2017; Singer et al. 2011), pointing out its biological importance. This 

104 microorganism is proposed to have a high impact on the different biogeochemical cycles (Singer 

105 et al. 2011), including the N-cycle, and have a versatile metabolism in terms of carbon source 

106 and can use either nitrate/nitrite and/or oxygen as electron acceptors. M. hydrocarbonoclasticus 

107 is a moderate halophilic, and thus can be potentially used in wastewater plans with high saline 

108 content, for which its role as a denitrifier is crucial to remove nitrate and nitrite content from 

109 industrial sources. Therefore, a detailed analysis of the denitrification pathway in this organism 

110 is timely important, given that all of the metalloenzymes from this pathway have already been 
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111 characterized in our laboratory (Correia et al. 2008; Lopes et al. 2001; Prudêncio et al. 2000; 

112 Timoteo et al. 2011) (Figure 1).

113 Here, the genome of M. hydrocarbonoclasticus was analyzed in detail to identify the location of 

114 genes encoding the catalytic domains of the denitrifying enzymes and of the accessory factors 

115 proposed to be involved in their biosynthesis or in maintaining the enzymes in an active state. 

116 Expression profiling of genes encoding these enzymes was performed during M. 

117 hydrocarbonoclasticus growth in microaerobic denitrifying conditions. The activity profile of the 

118 denitrifying enzymes and metabolites (nitrate/nitrite) was analyzed for cells cultured in a batch 

119 system under microaerobic conditions and in sealed serum flasks. In addition, the affinity of the 

120 whole-cells for N2O was examined.

121

122
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123 Materials and Methods

124 Genome analysis

125 The genome sequence of M. hydrocarbonoclasticus ATCC 49840 (Grimaud et al. 2012), with 

126 the accession number NC_017067 (NCBI) was analyzed using bioinformatic tools to search for 

127 homologous genes encoding the catalytic subunits of the four enzymes that catalyze each step of 

128 the denitrification pathway, as well as accessory factors. Identification of putative gene functions 

129 was performed by BLAST search using the web platforms of blastp and blastn suites (NCBI) 

130 (Altschul et al. 1997) (statistic data are provided in Supplementary Information Table S1), gene 

131 and protein alignments using ClustalOmega (McWilliam et al. 2013), and comparison of gene 

132 organization with other denitrifying microorganisms. The virtual Footprint of PRODORIC 

133 database was used to detect the putative binding sites for FNR and NarL regulators, as well as 

134 their scores in the promoter regions of the denitrification genes (statistic data are provided in 

135 Supplementary Information Table S2).

136

137 Marinobacter hydrocarbonoclasticus growth conditions

138 M. hydrocarbonoclasticus 617 was grown in artificial seawater (ASW) liquid medium containing 

139 1.17 % (w/v) NaCl, 0.075 % (w/v) KCl, 0.3 % (w/v) NH4Cl, 1.23 % (w/v) MgSO4.7H2O, 0.6 % 

140 (w/v) Tris, 0.1 % (w/v) yeast extract and 0.12 % (w/w) sodium lactate as energy and carbon 

141 source (Baumann & Baumann 1986). The pH was adjusted to 7.5 with 37 % (w/w) HCl. The 

142 medium was supplemented with 0.33 mM K2HPO4, 10 mM CaCl2.2H2O, 7.2 µM FeSO4.7H2O 

143 and a Starkey oligoelement solution (Starkey 1938) (1 mL/L of culture).

144 (i) Growth in 2-L bioreactors

145 In the pre-inocula required prior to the inoculation of the 2-L bioreactor, bacteria were grown 

146 aerobically for 24 h at 30 ºC, 210 rpm. The first pre-inoculum was prepared by inoculating 5 mL 

147 ASW liquid medium with bacteria maintained in ASW agar plates. This culture was then used to 

148 inoculate 50 mL ASW liquid medium and finally 500 mL ASW liquid medium. This final 

149 culture was used as the inoculum of the 2-L bioreactor (as 10 % of total volume). M. 

150 hydrocarbonoclasticus was grown in the bioreactor in a batch mode for approximately 48 h at 30 

151 °C, using 0.75 % (w/w) sodium lactate as carbon source and 10 mM sodium nitrate, as electron 

152 acceptor. The pH was continuously monitored and maintained at 7.5. A low aeration rate (0.2 

153 vvm) and an agitation speed of 150 rpm were used during 5 h, and then it was decreased to 50 
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154 rpm. The oxygen concentration in the culture medium was monitored with a InPro 6950i G Trace 

155 Oxygen Sensor (Mettler Toledo). The growth started with an oxygen saturated medium (100 %) 

156 and after approximately 2 h the oxygen levels reached 0 % (see Supplementary Information 

157 Figure S1). Cultures were visualized under an optical microscope to confirm its purity. 

158 Bioreactor growth was performed at least in triplicate. Bacterial growth in the bioreactor was 

159 monitored by collecting small aliquots, from which optical density at 600 nm (OD600nm) was 

160 measured. These aliquots were also used to quantify expression of the genes encoding the 

161 catalytic subunits of the denitrification enzymes, as well as to determine nitrite and nitrate levels 

162 and for the activity assays (see below).

163 (ii) Growth in sealed serum flasks

164 Denitrification pathway was also analyzed in the absence of aeration at pH 7.5 using 100 mL 

165 sealed serum flasks (sealed with a rubber septum and aluminium caps) containing 50 mL AWS 

166 liquid medium, supplemented as described above. The aerobically grown inoculum was 

167 transferred (10 % of total volume) with a syringe to the gas-tight vials. Similar conditions to the 

168 bioreactor growth were used with the following modifications: there was no aeration during the 

169 growth, the pH was continuously monitored but not adjusted (pH changed from 7.30 to 7.65) and 

170 cultures were stirred in a shaker (at 150 rpm for 5 h and then changed to 50 rpm for the 

171 remaining duration of the growth). At each time-point, the cell densities were measured at 600 

172 nm, nitrate and nitrite were quantified, and the rates of nitric oxide and nitrous oxide reduction 

173 by the cells were analyzed (see below).

174

175 Nucleic acid extraction and cDNA generation

176 Samples of bioreactor cultures taken at different time-points were immediately frozen in liquid 

177 nitrogen, until further use. Total RNA, from the samples, was isolated using the Isolate II RNA 

178 mini kit (Bioline), according to manufacturer’s instructions. Genomic DNA contamination was 

179 removed by on-column digestion with DNase I, supplied with the kit. RNA yields were 

180 determined at 260 nm and purity was estimated by determining the A260nm/A280nm and 

181 A260nm/A230nm ratios. To generate cDNA, 500 ng of each RNA sample (after its extraction) was 

182 reversely transcribed using the SensiFAST cDNA Synthesis Kit (Bioline), using the following 

183 conditions: 10 min at 25 °C, followed by 15 min at 42 °C and 5 min at 85 °C (for enzyme 

184 inactivation). cDNAs were diluted (1:100) and stored at -80 °C until further use. DNA used in 
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287 2002). The mechanism of transport and specificity of this class of transporters was been the 

288 subject of recent studies at the biochemical and structural level (Goddard et al. 2017; Yan et al. 

289 2013; Zheng et al. 2013). Multiple NarK-like transporters have also been identified in the 

290 genome of other bacteria, such as in P. aeruginosa and P. denitrificans (Jia et al. 2009; Moir & 

291 Wood 2001), but its biological function is still a matter of debate, with different transports being 

292 proposed to be required under specific growth conditions, and the identification of the 

293 mechanism of action can only be accomplished through the study of the physiology of selected 

294 knock-out strains and site-directed mutagenesis. 

295 Further upstream in the genome, norBC, encoding the two subunits of the short-chain 

296 membrane-bound c-NOR were identified (see Figure S2 in Supporting Information). NorB 

297 (MARHY3054) is the catalytic subunit, while NorC (MARHY3053) is a small membrane bound c-

298 type cytochrome functioning as an electron transfer subunit (Philippot 2002; Zumft 2005b). The 

299 accessory genes norQ (MARHY3060, annotated in other organisms as napH) and norD 

300 (MARHY3056), together with two other ORFs (MARHY3057 and MARHY3058) are located 

301 upstream the norBC operon, similarly to what is found in P. denitrificans genome (de Boer et al. 

302 1996). Neither norE nor norF homologues were annotated in the genome of M. 

303 hydrocarbonoclasticus. However, the translated sequence of MARHY3057 shares 46 % sequence 

304 identity with P. stutzeri NorE (designated in that microorganism as NirQ). To determine whether 

305 MARHY3058 is a norF homologue, a BLAST search was performed using its translated 

306 sequence. The MARHY3058 protein shares 53 % identity with P. stutzeri NirP (the NorF 

307 homologue in Pseudomonas species with 82 residues), though in a very restricted region, 

308 covering only 49 % of the primary sequence. Indeed, this putative NorF (with 61 a.a.) is 40 % 

309 shorter than its homologues. However, the analysis of the entire intergenic region between 

310 MARHY3057 and MARHY3058 identifies a longer ORF encoding a protein with 79 residues, that 

311 has 39 % primary sequence identity with P. stutzeri NirP. Therefore, we propose that NorF is 

312 misannotated in M. hydrocarbonoclasticus ATCC49840 genome, being encoded in the 3141724-

313 3141963 genomic region rather than in the 3141778-3141963 region. NorE and NorF, are 

314 predicted to be membrane associated, though their exact function remains unknown (Bergaust et 

315 al. 2014). It has been shown that NorEF are involved in denitrification as its inactivation slows 

316 nitrate reduction during denitrification, with accumulation of micromolar concentrations of nitric 

317 oxide (Bergaust et al. 2014; de Boer et al. 1996). In contrast, norQ and norD are always found 
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318 linked to or in the vicinity of norBC (Zumft 2005b). The encoded proteins are suggested to be 

319 involved in the maturation of NorBC in either heme insertion, multisubunit assembly and/or 

320 insertion into the membrane (Zumft 1997; Zumft 2005b).

321 Curiously, a second norB gene (MARHY3014) also encoding a NOR is annotated in M. 

322 hydrocarbonoclasticus genome, downstream the nos cluster and transcribed in the opposite 

323 direction (see Figure S2 in Supporting Information). This NOR is composed of a single long-

324 chain subunit being a q-NOR homologue (primary sequence identity with Geobacillus 

325 stearothermophilus q-NOR is 37 %, with a 95 % coverage, and 25 % with P. aeruginosa large 

326 subunit NorB, but with only 60 % coverage). While c-NOR uses a c-type cytochrome as electron 

327 donor, q-NOR accepts electrons from the quinone pool. The presence of two types of NOR in the 

328 same bacteria does not seem to be frequent (Heylen et al. 2007; Jones et al. 2008) and its 

329 biological relevance is unknown.

330 After the norBC genes, a large cluster of 10 genes involved in the nitrite reduction step of the 

331 denitrification pathway was found linked together, nirFCSDLGHJEN. Different genetic 

332 arrangements of nir genes have been identified in bacteria. P. aeruginosa presents the most 

333 similar genetic organization of the nitrite reductase gene cluster in comparison to the one of M. 

334 hydrocarbonoclasticus (Bali et al. 2014; Philippot 2002). The only differences are in the nirM 

335 gene, encoding cytochrome c551, which is absent in M. hydrocarbonoclasticus and in nirFC, 

336 which are located upstream nirS and are transcribed in the opposite direction. NirM is the 

337 electron donor of NiR in P. aeruginosa, while the cytochrome c552, encoded by MARHY3556, 

338 was identified as the physiological electron donor of NiR in M. hydrocarbonoclasticus (Lopes et 

339 al. 2001) and is distantly located in the genome.

340 The gene nirS encodes the cytochrome cd1NiR, a homodimeric enzyme with c- and d1-type 

341 hemes (Lopes et al. 2001). In recent years, it was identified that nirDLGH (Bali et al. 2011), nirJ 

342 (Bali et al. 2011), nirE (Zajicek et al. 2009) and nirN (Adamczack et al. 2014) encode enzymes 

343 involved in the biosynthesis of heme-d1, all located in the cytoplasm, with the exception of NirN. 

344 NirF has been proposed to be a chaperone involved in the uptake and transport of dihydro-heme 

345 d1 precursor from the cytoplasm to NirN located in the periplasm. The exact role of NirC 

346 remains unknown, but has been shown to be essential for the synthesis of heme-d1 in P. 

347 denitrificans (Bali et al. 2014; de Boer et al. 1994). It is predicted to be a periplasmic c-type 

348 cytochrome, playing a role in the biosynthesis of heme-d1 as an electron acceptor from NirN 
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349 (Adamczack et al. 2014; Zajicek et al. 2009).

350 Finally, a gene annotated as nnrS, was identified upstream the nir cluster, which might be a 

351 membrane-bound NO sensor with a role in nitrosative stress, yet poorly explored (Stern et al. 

352 2013).

353 The denitrification pathway has been proposed to be regulated mainly by transcription regulators 

354 of the CRP/FNR family, FNR and DNR, that in M. hydrocarbonoclasticus are encoded by 

355 MARHY0862 (FNR homologue) and MARHY3023 (DNR homologue), with this later ORF being 

356 located upstream the nos gene cluster. FNR, that activates genes essential during anaerobiosis, is 

357 a homodimer containing a [4Fe-4S] center per protomer, which is sensitive to oxygen and to 

358 nitrosylation (Crack et al. 2014). On the other hand, DNR senses N-oxides, in particular NO 

359 (Arai et al. 1999), through a heme (Castiglione et al. 2009). These two transcription regulators 

360 bind specifically to consensus sequences of the type TTGATN4ATCAA (named FNR binding 

361 box). Thus, the promoter regions of the four gene clusters were analyzed to identify the presence 

362 of these binding boxes, up to 200 bp upstream their ATG site. Homologous consensus sequences 

363 were identified based on its score and distance to the ATG site (Figure 2). For most of the gene 

364 clusters, the putative binding regions are located around -60 to -90 bp, except for nirSDLGH (-

365 162.5 bp) and dnr (-121.5 bp). These distances agree well with the average location of these sites 

366 in the whole genome of P. aeruginosa (Trunk et al. 2010) and also with the more common 

367 spacing locations observed for FNR in E.coli, which are usually centered at approximately -41, -

368 61, -71, -82 and -92 bp from the transcription initiation point (Wing et al. 1995). Although these 

369 binding sites still need to be experimentally confirmed, the involvement of MARHY0862 (FNR 

370 homologue) and MARHY3023 (DNR homologue) in the regulation of the denitrification 

371 pathway will be discussed below.

372 The other regulatory system of denitrification is NarXL that responds to nitrate and is involved 

373 in the regulation of the nar genes. NarL recognizes specific heptameric motifs (TACYYMT) 

374 with a 7-2-7 arrangement located in the promoter regions of nar gene cluster. Two potential sites 

375 were found in each of the promoters of narK, narXL and narGHJV (Figure 2). In the promoter 

376 region of narK two motifs NarL1 (TACTATC) and NarL2 (TGTCACT) are centered at -148 and 

377 -54 bp, respectively, from the transcription start point. In the promotor region of narXL, NarL3 

378 (TCCTCAA) and NarL4 (TACCTCC) oriented in a divergent direction are centered at -92 and -

379 85 bp respectively from the transcription start point, while in narGHJV, NarL5 (TGCTGCT) and 
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380 NaL6 (TGCTTCT) sites, centered at positions -191 and -149 bp, respectively, are both oriented 

381 in the direction of narGHJV activation (Figure 2). Moreover, NarL is not involved in regulation 

382 of dnr as no consensus sequences were identified upstream of FNR box, as opposite to what was 

383 described for P. stutzeri (Härtig et al. 1999) (dnrE) and P. aeruginosa (dnr) (Schreiber et al. 

384 2007) that carry the motifs and were shown to have a NarL-dependent transcription.

385

386 Analysis of gene expression during M. hydrocarbonoclasticus growth in the presence of 

387 nitrate - microaerobic batch growth

388 The expression of denitrification genes during M. hydrocarbonoclasticus growth in the presence 

389 of nitrate was analyzed by quantitative real-time PCR. The results obtained for both norB genes 

390 (MARHY3054 and MARHY3014) indicates that norB_MARHY3054 (c-norB) gene is the one 

391 transcribing an active nitric oxide reductase under the denitrifying conditions used here, as no 

392 significant expression levels are observed for the norB_MARHY3014 (q-norB) gene in these 

393 conditions (Figure 3). Thus, q-type NOR (encoded by norB_MARHY3014) does not contribute to 

394 the M. hydrocarbonoclasticus denitrification pathway, under these conditions, and its role in the 

395 physiology of this microorganism remains unknown.

396 Expression profiles show that the genes encoding the catalytic subunits of the denitrifying 

397 enzymes (narG, nirS, norB_MARHY3054 and nosZ) are expressed simultaneously with nosZ 

398 having higher expression than the other genes after 1 h, but without significant differences in 

399 terms of maximum timing of transcription. The maximum level of transcription occurs at time-

400 point 5 h (end of the first diauxic phase), for the four genes (Figure 3).

401 At 5 h of growth, narG expression level is slightly lower than the other genes (Figure 3), 

402 indicating that additional regulatory mechanisms might be involved in nar gene cluster 

403 expression. 

404

405 Transcriptional analysis of nos gene cluster

406 The gene cluster for M. hydrocarbonoclasticus N2OR is composed of nosRZDFYL (see Figure 

407 S2 in Supplementary Information). The nosR and nosZ genes are separated by 75 bp, while 68 bp 

408 separate nosZ from nosD. The nosD, nosF and nosY genes overlap each other by 2 bp and 

409 finally, nosY and nosL are separated by 22 bp. This organization suggests that these genes might 

410 be transcribed into a single transcriptional unit. To investigate this hypothesis reverse 
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411 transcription of total RNA, from a sample of the bioreactor, was performed and the intergenic 

412 regions of the corresponding cDNAs were amplified by PCR. Amplicons with the expected sizes 

413 were obtained from nosR and nosZ, nosZ and nosD, and nosDFYL intergenic regions (Figure 4A 

414 and 4B), showing that nosRZDFYL is transcribed into a polycistronic unit, similarly to P. 

415 aeruginosa nos gene cluster (Arai 2003).

416

417 Marinobacter hydrocarbonoclasticus growth under denitrifying conditions

418 (i) Growth in a bioreactor under microaerobic conditions

419 M. hydrocarbonoclasticus cultures were performed in a 2-L bioreactor under microaerobic 

420 conditions (low aeration rate) and in the presence of nitrate (10 mM), to promote denitrification 

421 (Zumft 1997). The analysis of the growth curve shows the presence of a diauxic growth. The first 

422 growth phase occurs without any lag phase during the first 5 h with a growth rate of 0.174 ± 

423 0.004 h-1, slowing down (growth rate of 0.012 ± 0.003 h-1) until approximately 35 h, when it 

424 reaches the stationary phase (Figure 5A). The lag phase was not observed in any of the replicated 

425 assays, indicating that adaptation-period was not required, or it was very small; and the death 

426 phase was not reached even after 48 h of growth, suggesting that the carbon source, lactate, had 

427 not been completely consumed. Similar diauxic growth has also been observed for P. 

428 denitrificans during anaerobic growth in the presence of nitrate (60 mM) (Hahnke et al. 2014).

429

430 (ii) Growth in sealed serum flasks

431 M. hydrocarbonoclasticus was grown in sealed serum flasks in a medium with the same 

432 composition and under similar condition of agitation (in this case orbital shaking). Inspection of 

433 the growth curve indicates that the exponential phase starts one hour after inoculation and has a 

434 duration of 5 h, with a growth rate of 0.22 ± 0.02 h-1 (Figure 5B), as the first growth phase of the 

435 microaerobic growth. The stationary phase occurs after this time-point and lasts until 50 h of 

436 growth, without observation of a death phase. 

437

438 Activity profile of denitrifying enzymes

439 Nitrate and nitrite were quantified during M. hydrocarbonoclasticus growth, to monitor the 

440 action of NaR and cd1NiR, respectively, which catalyze the first and second steps of the 

441 denitrification pathway (Figure 1). In addition, the reduction rate of nitric oxide and nitrous 
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442 oxide by whole-cells was also determined at different time-points during growth, to identify 

443 when c-NOR and N2OR were active in the cells (Figure 5).

444 The data obtained indicate that nitrate was already being consumed in the second hour of the 

445 growth and was completely consumed after 3 h (first mid-exponential phase of the diauxic 

446 growth and the time-point at which the oxygen level is already negligible). This is an indication 

447 that nitrate transport to the cytoplasm and NaR were active before time-point 2 h in the 

448 bioreactor. Indeed, at time-point 1 h, narG gene expression was already occurring at low levels 

449 (Figure 3), and thus it is likely that NaR was already active in the cells. Moreover, the decrease 

450 in nitrate concentration was concomitant with the formation of nitrite, which reaches a maximum 

451 after 3 h of growth with a value close to the initial nitrate concentration (8.5 mM), and four hours 

452 later (during the initial stages of the second diauxic growth phase) nitrite was completely 

453 consumed (Figure 5A). This decrease in nitrite concentration can be attributed to the activity of 

454 cd1NiR. In fact, a correlation between nirS expression and nitrite consumption is observed 

455 (Figure 3 and 5A). Moreover, similar nitrate and nitrite profiles were observed for the growth in 

456 the sealed serum flasks, indicating that both enzymes are also active under these conditions 

457 (Figure 5B).

458 The last two steps of the denitrification pathway are catalyzed by c-NOR and N2OR, and to 

459 determine if these enzymes are active in M. hydrocarbonoclasticus the reduction rate of NO and 

460 N2O by the whole-cells was monitored (Figure 5). The results obtained from the growth carried 

461 in the bioreactor indicate that both enzymes started to be active in the cells after 5 h of growth. 

462 Moreover, it was observed that these enzymes are active in the cells until the end of the growth 

463 (Figure 5), even if NO and N2O are expected to have been completely consumed earlier on 

464 (Bergaust et al. 2010).

465 On the other hand, the profile of the reduction rate of NO and N2O by the whole-cells grown in 

466 the sealed serum flasks showed maximum NO reduction rate at 3 h, when high levels of nitrite 

467 are still present in the medium, while the N2O reduction was only observed after approximately 6 

468 h of growth, indicating that both enzymes are active under these conditions at pH 7.5 (Figure 

469 5B). Moreover, contrary to what was observed for the cells cultured in the bioreactor under 

470 microaerobic conditions, the ability to reduce these metabolites decreases towards the end of the 

471 growth. 

472
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473 Kinetic parameters for N2O reduction by whole-cells

474 The N2O reduction by the whole-cells of M. hydrocarbonoclasticus as a function of substrate, 

475 N2O, has a hyperbolic behavior (Figure 4C). This data was fitted with a Michaelis-Menten 

476 equation to estimate the kinetic parameters, Vmax of 2.2 ± 0.1 µmolN2O min-1 mg-1 and Km of 18 ± 

477 5 µM. This Km is of the same order of magnitude as the Km of Clade I P. stutzeri strain DCP-Os1 

478 N2OR (36 ± 9 µM) determined by N2O consumption measurements, which are lower than those 

479 reported for whole-cells containing Clade II N2OR (1.0 ± 0.2 µM and 1.3 ± 0.4 µM, from 

480 Dechloromonas denitrificans strain ED-1 and Anaeromyxobacter dehalogenans strain 2CP-C, 

481 respectively) (Yoon et al. 2016). 

482

483 Discussion

484 Gene expression and regulation of denitrification in M. hydrocarbonoclasticus

485 The analysis of M. hydrocarbonoclasticus genome led to the identification of a genomic region 

486 of approximately 70 kb that comprises genes involved in each step of the denitrification pathway 

487 (see Figure S2 in Supporting Information). The analysis of the promoter regions of these gene 

488 clusters led to the identification of binding regions of FNR or DNR-type binding regions in all 

489 these genes and of putative NarL binding regions in the promoter regions of the nar operon 

490 (Figure 2).

491 Remarkably, M. hydrocarbonoclasticus has genes that encode two different types of NORs, q-

492 NOR and c-NOR, but under the denitrifying conditions used here only the later catalytic gene 

493 subunit is expressed at significant levels (Figure 3), and in fact this was the enzyme isolated from 

494 M. hydrocarbonoclasticus membrane extracts (Timoteo et al. 2011).

495 In M. hydrocarbonoclasticus, the onset and maximum of nosZ, nirS, narG and norB transcription 

496 occurs simultaneously, which suggests that a common signal(s) triggers and regulates the 

497 expression of these genes. The triggering signal can be the oxygen, which levels rapidly 

498 decreased and became negligible within 2 h of growth in the bioreactor (Figure S2, 

499 Supplementary Information). This behavior is different from the one in P. denitrificans, in which 

500 it was observed that nosZ is expressed earlier than nirS and norB (Bergaust et al. 2010). The 

501 authors interpreted this pattern of transcription by nosZ transcription being triggered by oxygen, 

502 while the onset of nirS and norB transcription was associated with the increase in nitric oxide 

503 concentration that occurs afterwards (Bergaust et al. 2010) (vide infra).
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504 Relative to the regulation of M. hydrocarbonoclasticus nar genes, similarly to what was 

505 observed in P. stutzeri (Härtig et al. 1999) and P. aeruginosa (Schreiber et al. 2007), these might 

506 be under the regulation of narXL, a nitrate-responsive two-component system. This was 

507 supported by the identification of NarL DNA binding sites in the promoter region of nar gene 

508 cluster (Figure 2), as mentioned. 

509 The data obtained here does not univocally identified the signals involved in the regulation of M. 

510 hydrocarbonoclasticus denitrification genes. However, it is expected that the common effectors 

511 are oxygen and nitric oxide, as identified in other denitrifying bacteria (Spiro 2012), through the 

512 action of FNR and DNR, respectively. In fact, given the pattern of transcription observed for the 

513 genes encoding the catalytic denitrifying subunit, it can be postulated that oxygen and nitric 

514 oxide are the main effectors in this organism. Upon decrease of oxygen tension in the cultures, 

515 FNR monomers with its [4Fe-4S] centers dimerize, becoming activate, and bind specific DNA 

516 regions, activating the transcription of several genes required for the anaerobic metabolism, 

517 which include activation of dnr and narGHJ. In turn, upon the initial activity of cd1NiR, 

518 originated from the initial low levels of nirS transcription, NO concentration will increase by the 

519 reduction of nitrite, and DNR will activate nir, nor and nos genes (Figure 6). On the other hand, 

520 nar genes would be regulated by oxygen and nitrate that activates their expression through 

521 narXL.

522 The existence of a cascade type regulation for these genes will prevent the accumulation of 

523 intermediate toxic products. Although, FNR and DNR recognize the same promoter regions (as 

524 mentioned before), it has been shown that DNR is the specific regulator of denitrification (Ebert 

525 et al. 2017; Trunk et al. 2010). The mechanism for the discrimination of these binding sites is 

526 still unknown, though nitrosylation of FNR could play a role, as upon nitrosylation (which might 

527 occur when nitric oxide concentration increases) FNR reduces its binding affinity to the specific 

528 DNA regions (Crack et al. 2013). This double regulatory mechanism might be important to avoid 

529 increasing release of toxic nitric oxide by NiR, together with down-regulation of nir, nor and nos 

530 gene clusters, as with a second regulator, as DNR, denitrification can proceed by activating those 

531 gene clusters.

532

533 Metabolites and NO/N2O reduction rates by whole-cells

534 Nitrate and nitrite concentration during the growth of M. hydrocarbonoclasticus was monitored, 
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597 Moreover, our data indicate that c-NOR and N2OR are active until the end of the growth (48-50 

598 h) in both type of growths. Thus, a functional denitrification pathway in M. 

599 hydrocarbonoclasticus is observed from nitrate to dinitrogen gas under these growth conditions.

600 M. hydrocarbonoclasticus has a Clade I N2OR, as the whole-cells have 18 ± 5 µM affinity for 

601 N2O, corroborating the gene composition and organization of nos operon, which is transcribed as 

602 polycistronic unit, and it was estimated that the whole-cells present an activity per amount of 

603 N2OR that is consistent with the specific activity of the isolated enzyme upon activation.

604 M. hydrocarbonoclasticus is one of the major bacteria that populates the oceans in the 

605 subtropical area and in the Mediterranean Sea. The two growth conditions tested here can be 

606 regarded as models of the metabolism occurring at two different sea depths. The growth in the 

607 bioreactor under microaerobic conditions would be a model for the layers close to the surface, 

608 while the growth in the sealed serum flasks are a model for deeper sea layers. Our data shows 

609 that under both conditions the enzymes that catalyze the four steps of denitrification is active. 

610 These data and methodology will be used in the future to monitor other effects on the 

611 denitrification pathway of this organism, such as temperature and pH.

612

613

614
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Table 1(on next page)

Genes that encode the catalytic subunits of the enzymes involved in the denitrification pathway.
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Table 2(on next page)

Primers used in qPCR of genes encoding the denitrification enzymes and co-transcriptional analysis of the
nitrous oxide reductase gene cluster.
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1 Table 2

2

3 Table 2 ñ Primers used in qPCR of genes encoding the denitrification enzymes and co-

4 transcriptional analysis of the nitrous oxide reductase gene cluster.

Gene Primer Sequence (5í-3í)
narG_F ATCCACGCCCAGTTTCTCnarG
narG_R CCACCTCCTTCTTCTATGCTC
nirS_F GCGATGAAGTGTGGTTCTCTnirS
nirS_R AACGATGGCGGATTTCTTGT

q-norB (MARHY3014) norB_F
norB_R

GCTGAATACGACACCCACTC
CCAGGAAGCCATAAACACCA

c-norB (MARHY3054) norB2_F
norB2_R

AGAAGCCCAGACCGAACT
GCGAACACCCAGAACAGAAT

nosZ nosZ_F
nosZ_R

CGGCAGGAAACGGTCTTT
CTGATGGCAAATGGCTGGT

nosR nosR_F
nosR_R

ACAGAAGCCGAAGATGATGC
TGTAAACCAGGAAGCCGTG

nosD nosD_F
nosD_R

GACTACCTGGGCTGGGAT
TCGGTTCATAAGGCACATCG

nosL nosL_F
nosL_R

CTTTACCGAGCGAGAACAGA
TGTCTTTGGTGGAGCAGAAT

16S rRNA 16S_F
16S_R

CCACTACCCTCTACCACACT
TAACCTGGGAACGGCATTT

5

6
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Figure 1(on next page)

Schematic representation of denitrification pathway in M. hydrocarbonoclasticus

Schematic representation of denitrification pathway in M. hydrocarbonoclasticus. Reactions catalyzed by
those enzymes create a proton gradient across the membrane, generating a positive potential outside of
the inner membrane. The electrons for each reaction come from the quinone pool. NDH and SDH are the
NADH dehydrogenase and succinate dehydrogenase, respectively. Cyt is the abbreviation used for
cytochrome and Moco for the molybdenum cofactor. IM and OM are the inner and outer membranes,
respectively. Nitrate and nitrite type of transportation across the membrane is envisaged to be occur
through NarK homologues.
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Figure 2(on next page)

Analysis of the promoter regions of nitrate reductase (nar), nitrite reductase (nir), nitric
oxide reductase (nor) and nitrous oxide reductase (nos) gene clusters.

Two putative FNR boxes were also identified upstream the dnr gene upstream nos gene cluster (BOX1 and
BOX2). Sequence alignments between the identified putative FNR-binding sequences and the consensus
sequence are shown, as well as its position from the ATG site. The putative NarL binding sites (represented
as NarLx, with x from 1-6) and their distances from ATG sites are evidenced in the nar cluster. For more
details regarding genes belonging to each cluster please refer to Figure S2. Genes are not drawn to scale.
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Figure 3(on next page)

Profile of the expression levels of the genes encoding the catalytic domains of the
denitrification enzymes.

Expression of narG (green squares), nirS (orange triangles), c-norB (blue filled circles), q-norB (blue open
circles) and nosZ (red diamonds) encoding the catalytic domains of M. hydrocarbonoclasticus denitrification
enzymes along the 50 h of growth under microaerobic conditions in the bioreactor. Relative expression
values were obtained by normalizing expression of each target gene to the control housekeeping gene 16S
rRNA, as described in Materials and Methods. Growth curve is represented as grey circles in the secondary
axis.
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Figure 4(on next page)

M. hydrocarbonoclasticus genome encodes a Clade I N 2OR

(A) Analysis of the transcriptional organization of M. hydrocarbonoclasticus nitrou s  oxide reductase (nos)
gene cluster. PCR products of intergenic regions between (a) nosR-nosZ, (b) nosZ-nosD and (c) nosD-nosL
using cDNA (first lane), RT (minus) control reaction (second lane), genomic DNA (third lane) and water
(fourth lane). No amplifications were obtained in the ÄRT-minusÅ control reaction, indicating that the
amplification from cDNA samples was not due to the presence of contaminating genomic DNA. (B) Genomic
organization of the nos gene cluster in the genome of M. hydrocarbonoclasticus. The gene encoding for N
2OR is colored in black. (C) Kinetic activity for the reduction of N 2O by the whole-cells of M.
hydrocarbonoclasticus grown under microaerobic conditions in the presence of nitrate at pH 7.5. Data were
fitted to Michaelis-Menten equation, using a Km  of 18 Ç 5 ÉM and Vmax  2.2 Ç 0.1 Émol N2O  min-1  mg-1  of total
protein.
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Figure 5(on next page)

M. hydrocarbonoclasticus profile of denitrification pathway metabolites and enzyme
activity.

Nitrate (green squares) and nitrite (orange triangles) concentrations (primary axis) and nitric oxide (blue
circles) and nitrous oxide (red diamonds) reduction rates by the whole-cells determined at different time-
points are shown in the secondary axis for the growth under microaerobic conditions in the bioreactor (A) or
performed in sealed serum-flasks (B). The activity is given as micromoles of NO or N2O reduced per minute
per optical density. The assays were performed as described in Materials and Methods, in triplicates. Three
biological replicates were analyzed (for the data presented in this Figure) but not at the exact same time
points, thus a representative experiment is shown (similar results were obtained for the other replicas). The
growth curve of M. hydrocarbonoclasticus in the bioreactor (grey circles) and in the serum flasks (black
open circles) is included in the additional axis in A and B, respectively.
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Figure 6(on next page)

Putative regulatory network controlling denitrification gene expression in M.
hydrocarbonoclasticus.

The main effector involved in regulation of nitrate reductase (nar), nitrite reductase (nir), nitric oxide
reductase (nor) and nitrous oxide reductase (nos) gene clusters is the low oxygen tension through a FNR-
type regulator. Secondary effectors are nitric oxide (NO) (first produced by the initial low levels of nitrite
reductase) involved in expression regulation of nir, nor and nos genes clusters, through a DNR-type
regulator, and nitrate (NO3

-) involved in regulation of nar genes through the two-component system NarXL.
Our own bioinformatic analyses suggest that MARHY0862 and MARHY3023 are, respectively, the FNR and
DNR homologues involved in regulation of denitrification gene expression in M. hydrocarbonoclasticus. Dash
lines indicate the putative but lower level of nir, nor and nir gene regulation by FNR.
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