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Abstract 22 

 Microbial organic sulfur mineralization to sulfate in terrestrial systems is poorly 23 

understood. The process is often missing in published sulfur cycle models. Studies on 24 

microbial sulfur cycling have been mostly centered on transformations of inorganic sulfur, 25 

mainly on sulfate-reducing and inorganic sulfur-oxidizing bacteria. Nevertheless, organic 26 

sulfur constitutes most sulfur in soils. Recent reports demonstrate that the mobilization of 27 

organic-bound-sulfur as sulfate in terrestrial environments occurs preferentially under high 28 

temperatures and thermophilic Firmicutes bacteria play a major role in the process, carrying 29 

out dissimilative organic-sulfur oxidation. So far, the determinant metabolic reactions of such 30 

activity have not been evaluated. Here, in silico analysis was performed on the genomes of 31 

sulfate-producing thermophilic genera and mesophilic low-sulfate producers, revealing that 32 

highest sulfate production is related to the simultaneous presence of metabolic pathways 33 

leading to sulfite synthesis, similar to the ones found in mammalian cells. Those pathways 34 

include reverse transsulfuration reactions (tightly associated with methionine cycling), and the 35 

presence of aspartate aminotransferases with the potential of 3-sulfinoalanine 36 

aminotransferase and cysteine aminotransferase activity, which ultimately leads to sulfite 37 

production. Sulfite is oxidized to sulfate by sulfite oxidase, this enzyme is determinant in 38 

sulfate synthesis, and it is absent in many mesophiles. 39 

  40 

 41 

 42 

 43 

 44 
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Introduction 45 

Sulfur concentration varies between 100 and 1500 ppm in soils of temperate regions 46 

(Ehrlich, 1996). Organic sulfur represents more than 90% of total sulfur (Schlesinger 1997; 47 

Anandham et al. 2008) and it is present, for instance, in the form of the amino acids cysteine 48 

and methionine and their oxidation products, besides other cell components and their 49 

derivatives in natural environments. 50 

In plants, sulfur is absorbed in the form of sulfate, therefore organic sulfur 51 

mineralization to sulfate is essential for plant growth. Earlier experiments carried out at 20-52 

25ºC reported organic-sulfur mineralization to be highly limited (Ghani et al. 1993; Eriksen, 53 

1996) but recently, it was shown that the mobilization of organic-bound-sulfur as sulfate in 54 

terrestrial environments occurs preferentially under high temperatures, and thermophilic 55 

bacteria, which have been suggested to be present in all soils (Marchant et al., 2002) play a 56 

major role in the process (Portillo et al, 2012). Several sulfate-producing thermophilic 57 

Bacillales isolates were retrieved from Iberian soils (Portillo et al, 2012; Santana et al, 2013). 58 

Temperatures of and above 40ºC occur frequently in soils, reaching maximum temperatures 59 

around 75°C in South Iberian soils; these temperature values allow the proliferation of those 60 

thermophiles. Sulfate released by these thermophilic bacteria induced enhanced seedling 61 

growth of Nicotiana benthamiana, recorded following treatments with culture supernatants of 62 

selected thermophilic isolates recovered from soil (Santana et al, 2013). 63 

Most bacteria performing inorganic sulfur oxidation are able to oxidize thiosulfate, an 64 

intermediate of the oxidation of inorganic sulfur (Madigan et al. 2003) to sulfate. In a study 65 

carried out by Portillo et al. (2012), monitorization during growth of thermophilic isolates 66 

gave similar sulfate concentrations in thiosulfate-supplemented and unsupplemented cultures, 67 

showing that the isolates were not inorganic sulfur oxidizing bacteria. The production of 68 
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sulfide (H2S) by the thermophilic isolates, which could be chemically oxidized to sulfate, was 69 

ruled out because it was undetectable by H2S microelectrodes. On the other hand, the release 70 

of sulfate was related to organic nutrient availability, the lowest nutrient concentration 71 

showed the lowest level of sulfate (Portillo et al, 2012). Thus, this discovery established a 72 

novel step of sulfur cycling in terrestrial environments, a dissimilative organic-sulfur 73 

oxidation.  The metabolic pathway involved in the production of sulfate by these thermophiles 74 

is not known, but it could be inferred from the genome annotation of sequenced Bacillales. In 75 

addition, a clue for the sulfate production must be found from the catabolism of amino acids 76 

cysteine and methionine, major sources of organic-sulfur. These amino acids are released 77 

from proteins after hydrolysis by proteases and their availability can be associated with the 78 

regulation of organic-sulfur transporters (see for example Erwin et al, 2005).  79 

Accumulation of cysteine and homocysteine can pose a problem to the cell because 80 

they are highly reducing compounds. In mammalian cells, different pathways of cysteine 81 

degradation are important for the cell redox balance; in the cysteine-sulfinate (sulfinoalanine)-82 

dependent pathway the oxidation of cysteine is performed by the cysteine dioxygenase (CDO) 83 

producing cysteine-sulfinate (sulfinoalanine). The latter can be catabolized in two different 84 

ways: either it is transaminated by an aspartate aminotransferase (AAT) with production of 85 

pyruvate and sulfate through sulfite oxidase (SUOX) (Figure 1) or it is decarboxylated by 86 

cysteine sulfinate decarboxylase (sulfinoalanine decarboxylase) into hypotaurine. 87 

Hypotaurine can be non-enzymatically oxidized into taurine (Bella, 1996). Interestingly, 88 

examination of the genomes of several Bacillales and their encoded proteins in NCBI 89 

databases indicates the presence of genes encoding for CDO, AAT and SUOX.  90 

 91 

1. The cdo and mtnD genes  92 
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Cysteine dioxygenase has been reported as a mammalian non-heme iron enzyme that 93 

catalyzes the formation of cysteine sulfinate from L-cysteine by incorporation of dioxygen. 94 

Nevertheless, cdo gene is present, for instance, in Bacillus subtilis str. 168 and Brevibacillus 95 

(Br.) brevis NBRC 100599 genomes (Table 1).  Two Paenibacillus hypothetical proteins, 96 

(e.g. the hypothetical protein PelgB in Paenibacillus elgii B69) show similarity to B. subtilis 97 

str. 168 CDO (57% similarity between CDO and PelgB, E=4e-27). The Actinobacteria 98 

Streptomyces sviceus ATCC 29083, albeit possessing a cysteine dioxygenase gene in its 99 

genome, the CDO similarity with that of the Bacillales, in particular with the one of B. subtilis 100 

str. 168 is low (48%, E = 4e-12 for only 57% coverage). 101 

 Every genome from the Bacillales analyzed in this study (Table 1) revealed the 102 

presence of a gene encoding another dioxygenase with different nomenclature, i.e. 1,2-103 

dihydroxy-3-keto-5-methylthiopentene dioxygenase, methionine salvage pathway protein E-104 

2/E-2', etc, these terms could be synonymous of acireductone dioxygenase (ARD) Fe2+ or 105 

Ni2+, a product of the mtnD gene. According to Pfam database, the enzyme belongs to the 106 

Cupin 2 conserved barrel domain proteins and catalyzes the reaction between oxygen and the 107 

acireductone 1, 2-dihydroxy-3-keto-5-methylthiopentene (DHK-MTPene). However, the 108 

reaction yields different products, depending on the bound metal ion. When bound to iron, the 109 

reaction produces  formate and 2-keto-4- methylthiobutyrate (KMTB), the alpha-ketoacid 110 

precursor of methionine in the methionine salvage pathway, present in mammals and some 111 

bacteria, for example, B. subtilis (Sekowska and Danchin, 2002). Besides the Bacillalles, a 112 

protein related to MtnD is present in Klebsiella oxytoca and S. sviceus ATCC 29083 (identity 113 

29%, E= 1e-16, 90% coverage). 114 

 115 

2. The mccA (yrhA) and mccB (yrhB) genes 116 
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 Methionine is usually degraded through its activated form, S-adenosylmethionine 117 

(SAM) towards cysteine. SAM is subjected to the action of SAM-dependent methylases that 118 

use SAM as a substrate and produce S-adenosyl homocysteine (SAH).  SAH is further 119 

hydrolyzed to homocysteine and adenosine by S-adenosylhomocysteine hydrolase (mostly in 120 

eukaryotes) or it is first hydrolyzed to S-ribosyl-L-homocysteine (SRH) by SAH nucleosidase, 121 

followed by conversion to L-homocysteine by S-ribosylhomocysteine lyase (mostly in 122 

prokaryotes) (Figure 2). These reactions are part of the activated methyl cycle pathway, 123 

whose function is the generation of the methyl group donor SAM and the regeneration of 124 

methionine from SAH, through the activity of MTA/SAH'ase- (Pfs) enzymes. Pfs also converts 125 

5'-methylthioadenosine (MTA) to methylthioribose (MTR) and adenine. Bacteria such as 126 

Klebsiella pneumoniae and B. subtilis, convert MTR back to methionine (Greene, 1996; 127 

Kredich 1996; Sekowska and Danchin, 2002) through the Methionine salvage pathway 128 

(Figure 2).  129 

 The reverse transsulfuration pathway, leading from methionine and homocysteine to 130 

cysteine, is present in several organisms (Figure 2). Mammalian cells possess an L-131 

homocysteine to cysteine pathway, where L-homocysteine reacts with serine and the 132 

condensation product, cystathionine, formed by cystathione β-synthase, is further converted to 133 

cysteine by cysthatione γ-lyase. However, bidirectional transsulfuration pathways that allow 134 

the interconversion of homocysteine and cysteine via the intermediary formation of 135 

cystathionine (Figure 2) are present in other organisms. For instance, in many enteric bacteria, 136 

the synthesis of homocysteine from cysteine is the only means of transsulfuration (Greene, 137 

1996), whereas Lactococcus lactis exhibits both pathways (Sperandio et al., 2005).  138 

Prokaryotic mccA and mccB genes, encode the key enzymes of the reverse 139 

transsulfuration pathway, cystathionine-βsynthase and cystathionine γ-lyase, respectively.  140 
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Cystathionine-β-synthase catalyzes the first step of the pathway, from homocysteine to 141 

cystathionine:  142 

O-AcetylL-serine + L-homocysteine L-cystathionine + H2O                                           (1)                         143 

The enzyme uses the cofactor pyridoxal-5’-phosphate (PLP) and can be allosterically 144 

regulated by effectors such as SAM. This enzyme belongs to the hydro-lyases family, 145 

cleaving carbon-oxygen bonds. 146 

A homologous protein to B. subtilis 168 MccA in NCBI nr protein database is cysteine 147 

synthase, also attributed with the following terms: O-acetylserine lyase, O-acetylserine thiol 148 

lyase, CysK. In addition, more than one of these homologous were found; for instance in Br. 149 

brevis two cysteine synthases, besides cystathionine β‐synthase, are reported from Blast 150 

comparison with the B. subtilis 168 cystathione β-synthase (E scores: 4e-77 and 2e-72, 151 

respectively). In P. mucilaginosus 3016, also two enzymes, Cysk 1 and Cysk 2, were 152 

identified (E scores of 6e-75 and 9e-77, respectively). Cysteine synthase is also named O-153 

acetylserine sulfhydrylase and catalyzes the reaction shown in equation (2). 154 

 155 

 O-acetyl-L-serine + hydrogen sulfide L-cysteine + acetate                                             (2)                        156 

 157 

This suggests that MccA could be involved in the formation of sulfide from cysteine, as well 158 

as in the reverse reaction as indicated in Figure 2; indeed Hullo et al. (2007) have shown a 159 

low OAS thiol-lyase in vitro activity for B. subtilis MccA during the synthesis of cysteine. 160 

Several homologous proteins to cystathione γ-lyase MccB of B.subtilis 168 are 161 

reported by PBlast, in the bacteria listed in Table 1. For instance, Geobacillus 162 

thermoleovorans has four proteins homologous to MccB: cystathionine γ-lyase (E=0), 163 

cystathionine β-lyase (E= 2e-145), cystathionine γ-synthase (E= 6e-124) and O-164 
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acetylhomoserine sulfhydrylase (E= 2e-84). This is not surprising, as cystathionine γ-synthase, 165 

cystathionine β-lyase, cystathionine γ-lyase, O-acetylhomoserine thiol-lyase, constitute a 166 

family of evolutionary related proteins, whereas OAS thiol-lyase and cystathionine β-synthase 167 

constitute a different family (Mehta and Christen, 2000). The MccB and MccA proteins of B. 168 

subtilis belong to the cystathionine γ-synthase and to the OAS thiol-lyase family of proteins, 169 

respectively. On the other hand, the homology to O-acetylhomoserine thiol-lyase suggests a 170 

homocysteine γ-lyase activity for MccB, indicated by the dashed arrow in Figure 2, actually 171 

reported by Hullo et al. (2007). 172 

Considering the above, neither the presence of MccB or MccA as cystathionine γ-173 

lyase and β-synthase enzymes, respectively, can be undoubtfully proposed based simply on 174 

genome annotation inherent to sequence analysis. The use of specific databases, for instance 175 

of RegPrecise (a database centered on regulon analysis constructed by comparative genomics 176 

in a large number of prokaryotic genomes), as well as the inspection of reported functional 177 

studies on the same genera that are listed in Table 1, and gene-cluster analysis, indicate the 178 

closest related sequences to MccA and MccB for this study (see Table 1 footnotes). For 179 

example, the reverse transsulfuration pathway is present in K. pneumoniae (Seiflein and 180 

Lawrence, 2006), whereas it has never been reported for Escherichia. Also, Streptomyces 181 

venezuelae contains a cystathionine β-synthase implicated in reverse transsulfuration (Chang 182 

and Vining, 2002). Nevertheless, (considering the high similarity found in Blast with B. 183 

subtilis 168 Mcc proteins), E. coli and other Mcc-like sequences have been included in the 184 

alignments and used for the phylogenetic approach (described in the section 6 below), which 185 

corroborated the distinct  function for several Mcc-like enzymes and the proposal of evolution 186 

pathways. 187 

In mammalian tissues, both cystathionine β-synthase and cystathionine γ-lyase are 188 

primarily responsible for H2S biogenesis. For instance, the first enzyme catalyzes also the 189 
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condensation of cysteine with homocysteine to form cystathionine and H2S, the second 190 

produces H2S also through reactions (3) and (4). H2S can be converted to sulfite in the 191 

mitochondria by thiosulfate reductase, and the sulfite is further oxidized to thiosulfate and 192 

sulfate by sulfite oxidase. In bacteria, H2S can be non-enzymatically converted to sulfite or 193 

eventually through the activity of sulfite reductase (see section 5).  Therefore, one can 194 

speculate, that those Bacillales that do not possess a cdo gene, can use the methionine 195 

salvage/reverse transsulfuration pathway with synthesis of cysteine and H2S, the latter can 196 

further be converted to sulfite used to generate sulfate through sulfite oxidase, whose gene has 197 

been detected in the genomes of most Bacillales (see Table 1 and Figure 1).  198 

The activity of cystathionine γ-lyase also leads to ammonia production either from 199 

cysteine or homocysteine, according to the following equations: 200 

 201 

Cysteine                 Pyruvate  + ammonium + hydrogen sulfide                                          (3) 202 

                                              203 

Homocysteine            α −Ketobutyrate  + ammonium + hydrogen sulfide                          (4) 204 

 205 

Recently, Yoshida et al. (2010) reported the occurrence of reaction (3) in the gram-206 

negative bacterium Fusobacterium nucleatum. Reactions (3) and (4) could represent a 207 

pathway (see Figure 2) in thermophilic Bacillales that would account for the hyperammonium 208 

production, equally observed in the isolated thermophiles (Portillo et al, 2012; Santana et al, 209 

2013). 210 

 211 

3. The patA gene  212 

We have identified genes similar to the patA gene encoding an aminotransferase (AT) 213 

protein of B. subtilis 168 (Table 1). The nomenclature, also in this case, is not consensual, the 214 



 

10 

following terms were found: aminotransferase A, class I and II aminotransferase, aspartate 215 

transaminase. Despite the non-uniform nomenclature, all the enzymes belong to the aspartate 216 

aminotransferase family, which itself belongs to PLP-dependent aspartate aminotransferase 217 

superfamily. PLP combines with an alpha-amino acid to form an aldimine intermediate, the 218 

substrate in a transamination reaction. The enzyme aspartate aminotransferase (AAT), also 219 

called Glutamate oxaloacetate transaminase (GOT) is able to transfer an amino group from L-220 

aspartate or L-alanine to α-ketoglutarate, the products of the reversible transamination 221 

reaction being oxaloacetate and glutamate, and pyruvate and glutamate, respectively. 222 

Enzymes GOT1 and GOT2, found in mammals, are isoenzymes from cytoplasm and 223 

mitochondria, respectively, which catalyze also the reaction sulfinoalanine + 2-oxoglutarate 224 

<=> 3-sulfinyl-pyruvate + L-glutamate (see Figure 1). 3-Sulfinoalanine is the product of 225 

cysteine dioxygenase activity and, interestingly, GOT2 (NP_037309.1 [Rattus norvegicus]) 226 

has 43% similarity (E= 1e-07) with an aminotransferase from Bacillus cereus ATCC 14579, 227 

whereas PatA is the most similar B. subtilis 168 enzyme to GOT2 (E= 4e-04, 42% similarity).  228 

 Bacterial ATs are involved in amino acid interconversion, however, being all ATs 229 

PLP-dependent enzymes, with formation of the PLP-aldimine intermediate, the latter actually 230 

enables a wide variety of further reactions such as C-S lyase activity by α, β- elimination 231 

(cysteine desulfurases) or decarboxylation (John,1995). As an example, the study of 232 

Marienhagen et al (2005) on the functional analysis of all twenty ATs proteins inferred from 233 

the genome sequence of Corynebacterium glutamicum, identified two cysteine desulfurase 234 

enzymes and a cystathionine β-lyase besides transaminases involved in amino acid synthesis. 235 

In addition, one AT (AlaT) with broad amino donor specificity and using pyruvate as acceptor 236 

was also identified. Thus, it was expectable to find several high similar enzymes to PatA in 237 

the same microorganism, as it happened before with Mcc enzymes. Also in this case, the 238 

choice of the closest related sequence to PatA was made based on Blast analysis (score, 239 
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structure domain, etc.) as well as on reported functional studies (e.g. Lee and Lee, 1993; 240 

Berger et al., 2003) and on gene-cluster analysis (see section 7). Still, due to the similarity in 241 

the PLP-catalyzed reactions and to the related structure of the different ATs one cannot 242 

confirm the presence of a Got2 enzyme in the listed bacteria (Table 1). 243 

Cysteine desulfurases cleave L-cysteine and transfer the sulfur first to a cysteine 244 

residue in the active site and then to various other acceptors, and are involved in the 245 

biosynthesis of iron-sulfur clusters. Unlike most desulfurases, L-cysteine C-S-lyase from 246 

Synechocystis sp. PCC6714 does not have a conserved cysteine residue at the active site and 247 

catalyzes the breakdown of L-cysteine to yield sulfide, pyruvate and ammonia (Mihara and 248 

Esaki, 2002) instead of alanine and sulfur. 249 

In mammals, AAT has a cysteine aminotransferase (CAT) activity, which, in 250 

combination with 3-mercaptopyruvate sulfurtransferase (MST) also leads to sulfide formation 251 

(see equations below). 252 

 253 

L-Cysteine (or L-Aspartate) + PLP-Enz            Mercaptopyruvate (or Oxaloacetate) + PMP-254 

Enz                                                                                                                                            (5)                        255 

 256 

MST transfers sulfane sulfur from mercaptopyruvate to an active cysteine site and a 257 

persulfide is formed (Equation 6). Sulfide is liberated from the MST-persulfide by a thiol 258 

reductant (RSH) or a thioredoxin (Westrop et al, 2009) as shown in Equation (7). 259 

 260 

Mercaptopyruvate + MST-SH→Pyruvate + MST-SSH                                                          (6) 261 

 262 

MST -SSH + RSH→MST -S- S-R + H2S                                                                               (7) 263 

 264 
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 MSTs have been identified in bacteria (see Paul and Snyder 2012). B. subtilis 168 265 

has an YbfQ protein, a putative rhodanese-related sulfurtransferase, which could be a 3-266 

mercaptopyruvate sulfurtransferase with a rhodanese domain. Similar YbfQ rhodanese 267 

domain-containing proteins were identified by BlastP in the herein listed Bacillus and in Br. 268 

brevis NBRC 100599. A rhodanese domain protein was also found in K. oxytoca 10-5245, E. 269 

coli M863 and C. carboxidivorans P7. Geobacillus thermodenitrificans NG80-2, G. 270 

kaustophilus HTA426, G. thermoleovorans CCB_US3_UF5, G. sp. Y4.1MC1, T. composti 271 

KWC4 and P. mucilaginosus 3016 all present rhodanese-related sulfurtransferase-like 272 

proteins, although with lower BlastP scores (between 40 and 50), likely indicating significant 273 

differences between YbfQ and their  protein structures.  274 

Considering the above, it is possible that among the several ATs found by sequence 275 

analysis in Bacillales, there are cysteine desulfurases with similar function to L-cysteine C-S-276 

lyase from Synechocystis sp., thus accounting for ammonium production, and AAT enzymes 277 

with CAT activity. The CAT activity associated with MST activity, bypasses the requirement 278 

for CDO in the production of sulfite to be further oxidized by sulfite oxidase to sulfate. 279 

 280 

4. The yuiH and ylaL genes 281 

Sulfite oxidase named SUOX, SOR or YuiH, this last term derived from the yuiH 282 

coding gene in Bacillus, catalyze the two-electron oxidation of sulfite to sulfate (Equation 8), 283 

the electron acceptor is oxygen and/or heme-coordinated iron ions (Kelly et al, 1997) 284 

according to the enzyme structure (see section 6 below). 285 

 286 

   SO3
2- + H2O → SO4

2- + 2 H+ + 2 e-                                                                                                                                  (7) 287 

 288 
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A Blast analysis shows that a gene encoding a sulfite oxidase YuiH protein is present 289 

in the Bacillalles, including all the thermophilic strains under study. In the case of K. 290 

oxytoca 10-5245, a sulfoxide reductase catalytic subunit YedY is identified, with 25% 291 

identity with YuiH from B. subtilis strain 168, for  71% query coverage (E= 1e-08). Also for 292 

E. coli M683, a similar oxidoreductase molybdopterin binding domain-containing protein is 293 

registered with 24% identity,  for  69% query coverage (E= 1e-08). These differences are 294 

related to differences in the enzymes primary structure and to the distinct role for YedY 295 

(see sections 6 and 7). 296 

A second putative sulfite oxidase encoded by ylaL is also present in all the listed 297 

members (Table 1) of the genera Bacillus, Geobacillus and Brevibacillus, curiously the 298 

ones that include the thermophilic sulfate producing strains.  299 

 300 

5. The yvgQ gene 301 

B. subtilis yvgQ gene codes for the hemeprotein subunit of hydrogen-sulfide: acceptor 302 

oxidoreductase, commonly named sulfite reductase, an enzyme that catalyzes the six-303 

electron reduction of sulfite into hydrogen sulfide and water (Equation 9).  304 

  SO3
2- + electron donor      H2S + oxidized donor + 3 H2O                                             (9)                   305 

The electron donor may be an NADPH molecule, a bound flavin or a ferredoxin.  306 

In E. coli, the enzyme is a complex composed of a flavoprotein component (FP) and a 307 

hemeprotein component (HP) (see section 6), the latter is the catalytic subunit, with a 4Fe-308 

4S metal center. Table 1 indicates, among the selected microorganisms for this study, those 309 

with a sulfite reductase containing both FP and HP subunits. Even though very similar 310 
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sequences to HP were found in the remaining organisms at the table, gene annotation and 311 

cluster-analysis (section 7) indicates they correspond to different enzymes, e.g. some genes 312 

are annotated as encoding ferredoxin-nitrite reductase. Indeed, both nitrite and sulfite 313 

reductase are part of the NIR_SIR (PF01077) 4Fe-4S domain family. 314 

The ability of sulfite reductase for the synthesis of either hydrogen sulfide (which can 315 

be non-enzymatically converted to sulfite, as already pointed out) or sulfite in the reverse 316 

reaction that has been registered in some cases (see MetaCyc; http://www.metacyc.org), 317 

suggests that its activity can lead to sulfate synthesis through sulfite oxidase. Moreover, 318 

sulfite reductase activity comes with the potential for ATP generation (see section 8).  319 

 320 

6. Structure and Phylogenetic analysis  321 

Gene alignment phylogenetic analysis allowed the identification of motifs, and 322 

conserved versus non-conserved residues, which are the basis of potential differences in the 323 

structure stability and activity of the encoded enzymes. Particular attention was paid to the 324 

differences between thermophilic and mesophilic microorganisms.  325 

The alignment of CDO sequences can be found in Supplementary Figures (Figure S1). 326 

CDO dioxygenase produces 3-sulfinoalanine using the iron center and the substrate (cysteine) 327 

to activate dioxygen and then carrying out the catalysis. The enzyme has a β-barrel structure 328 

that is characteristic of the cupin superfamily, whose members feature two conserved 329 

sequence motifs that provide the ligands for the metal binding site: G(X)5HXH(X)3,4-E(X)6G 330 

and G(X)5PXG(X)2-H(X)3N. The active site is typically formed using a combination of the 331 

two His and Glu residues from the first motif and the His residue from the second more 332 

variable motif. In bacterial CDOs, Gly is found in the Glu position from the first motif.  333 
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As expected, the motif is found in the alignment of ARD sequences, also members of 334 

the cupin family (Supplementary material Figure S2). A high degree of similarity is in the 335 

conserved β-helix, particularly in the vicinity of the active site, where His 100, His 102, Glu 336 

106 and His 145 (B. subtilis 168 numeration) provide the protein-based ligands for the metal 337 

of these metalloenzymes.  338 

Neighbor-Joining (NJ) phylogenetic trees were obtained from CDO and ARD 339 

sequences (Figure 3). Three main branches can be established, one comprising CDO 340 

sequences, one including Firmicutes ARD sequences and one including the ARD sequences 341 

of Actinobacteria S.  sviceus ATCC 29083 and the Proteobacteria K. oxytoca 10-5245.  The 342 

pictured tree suggest that CDO and ARD could be out-paralogs, and distinct ARD sequences 343 

as well as some CDO sequences may have been the result of lateral transfer, as branch nodes 344 

with high bootstrap values are grouping distinct genera.  345 

Supplementary Figures S3 and S4 show the alignment of MccA and MccB proteins, 346 

respectively. These are both PLP-dependent enzymes that share the common structural feature 347 

Ser-X-X-Lys. PLP combines with the Lys residue to form an aldimine bond (Schiff base 348 

linkage). However, some PLP-dependent enzymes do not have this Lys residue. Indeed, 349 

several sequences in Figure S3 have an Arg (R) residue at position 102 instead of Lys (K), 350 

both being basic polar amino acids. The presence of such differences in key residues can 351 

suggest a distinct functional role of MccA in different microorganisms. 352 

The B. subtilis str. 168 MccB sequence is annotated as a cystathionine β-lyase, 353 

however it is reported as a cystathionine γ-lyase and homocysteine γ-lyase following the 354 

results of enzyme activity measurements (Hullo et al, 2007); the alignment in Figure S4 355 

contains the sequences with highest Blast scores to B. subtilis str. 168 MccB sequence.  356 

The analysis of NJ phylogenetic tree represented in Figure 4 indicates that MccA and 357 

MccB sequences are related and could be originated from a common ancestor. In addition, 358 
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three main groups can be defined, one including MccB sequences, one including MccA 359 

sequences from mesophilic Paenibacillaceae, Thermobacillus composti KWC4 and 360 

Enterobacteriaceae, and one including the MccA sequences from Bacillales including 361 

thermophilic genera. The group containing E. coli M863 MccA sequence, is consistent with 362 

the different PLP-binding motif S-X-X-R (found also in the Paenibacillaceae MccA 363 

subgroup) and with a distinct activity of MccA related E. coli enzyme- as cysteine synthase B 364 

(Zhao et al, 2006). Also, E.coli M863 “MccB” enzyme is an O-succinylhomoserine (thiol)-365 

lyase responsible for cystathionine synthesis from cysteine and O-Succinylhomoserine (Tran 366 

et al, 1983; Duchange et al, 1983) and forms a separated branch from the remaining MccB 367 

sequences. 368 

The alignment of AAT sequences is shown in Figure S5 (supplementary material). We 369 

have included in the PatA alignment two sequences for C. carboxidivorans P7 (a and b) and 370 

for P.elgii B69 (PatA and YugH); sequences a) and PatA are closest to B. subtilis PatA, 371 

however sequences b) and YugH, in the constructed phylogeny (Figure 5), group together 372 

with the highest similar sequence to PatA from S. sviceus ATCC 29083 and from T. composti 373 

KWC4, respectively, suggesting a distinct role or activity for these enzymes. Indeed, the 374 

phylogeny presented in Figure 5, reveals four main groups of similar sequences, one 375 

comprising the Geobacillus, Bacillus and the P. elgii B69 PatA sequences, clustered close to 376 

C. carboxidovorans P7 a) sequence, a second group comprising the Brevibacillus, T. composti 377 

KWC4, P. mucilaginosus 3016 and P. elgii B69 YugH sequences, and two distant remaining 378 

groups, one comprising the Enterobacteriaceae, another C. carboxidovorans P7 b) and S. 379 

sviceus sequences. The active site motif in the alignment differs accordingly to this 380 

distribution, i.e. in the first group the SKSHSM stretch, which comprises the Lys (K) 231 381 

residue (B. subtilis 168 numeration) where PLP links, is replaced by SK[S/A]FAM in the 382 
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second group, whereas the Enterobacteriaceae have the motif SKSYNM and the remaining 383 

group the sequence [S/A] KTY[S/A]M.  384 

The sulfite oxidase metalloenzyme is found in the mitochondria of all eukaryotes and 385 

in prokaryotic organisms and catalyzes the last step of the metabolism of sulfur-compounds 386 

before the sulfate is generated. 387 

Mitochondrial SOR contains two identical subunits with an N-terminal domain, which 388 

has a heme cofactor, and a C-terminal domain hosting a molybdopterin cofactor with a 389 

Mo(VI) center, where the catalytic oxidation of sulfite takes place. Upon reacting with sulfite, 390 

one oxygen atom of the center is transferred to sulfite to produce sulfate, generating a two-391 

electron-reduced Mo(IV). Water then displaces sulfate and the removal of two protons and 392 

two electrons to the exogenous cytochrome c, returns the active site to its original state.  The 393 

electrons transferred via cytochrome c to the electron transport chain allow generation of ATP 394 

by oxidative phosphorylation (Cohen et al, 1972).  In bacteria, two SOR groups have been 395 

defined. Group 1 is a complex of two subunits, one with the molybdenum cofactor and the 396 

other with the heme; SORs group 2 contains only the molybdenum (Kappler, 2011). The 397 

presence of a heme relay, which is an integral part of mitochondrial SOR or an additional c-398 

type cytochrome subunit in bacteria, allows the electron transfer from the molybdenum 399 

cofactor to a subsequent acceptor (e.g. cytochrome c), while its absence in SORs group 2 400 

makes oxygen the direct and final electron acceptor. The purified moderate thermophilic 401 

sulfite oxidase enzyme of Deinococcus radiodurans (D’Errico et al, 2006) is an example of 402 

type 2 SORs, unable to use horse heart cytochrome c, routinely used as an electron acceptor 403 

for sulfite oxidoreductases.  404 

The alignment of YuiH -sulfite oxidase- sequences is shown in Figure S6. For Br. 405 

brevis NBRC100599, S sviceus ATCC29083 and P. mucilaginosus 3016, more than one YuiH 406 

sequence was found and included in the alignment. Both Br. brevis sequences are highly 407 
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similar to the one from B. subtilis (E scores 1e-79 and 4e-67), while P. mucilaginosus sequence 408 

a) is more similar to B. subtilis YuiH (E= 1e-88) than sequence b) (E= 2e-63). S. sviceus a) and 409 

b) sequences are the less similar with E scores of 8e-44 and 2e-41, respectively. These 410 

differences are translated into different groupings in the phylogenetic tree derived from S6 411 

alignment (Figure 6). The Geobacillus sequences group together, as well as both S. sviceus 412 

and Enterobacteriaceae sulfite oxidase sequences; a fourth group comprises the sulfite oxidase 413 

sequences from genus Bacillus and Paenibacillaceae. Two main branches can be defined in 414 

the fourth group: one includes T. composti KWC4 and Br. brevis b) sequences, the other 415 

includes Br. brevis a) sequence, among others. The different nodes in the tree, separate 416 

SUOX-like enzymes having a distinct mode of catalysis or even another function. The 417 

Enterobacteriaceae proteins have a quite different primary sequence compared to the rest of 418 

the chosen sequences presented herein, and therefore they have the most dissimilar structure.  419 

Actually, most of the sequences herein correspond to SOR type 2 enzymes, while the 420 

Enterobacteriaceae  sequences are from YedY molybdoenzyme; YedY is part of the YedYZ 421 

complex, a heme-molybdoenzyme complex which was isolated from E. coli (Brokx et al, 422 

2005), where YedZ is the heme-binding subunit. YedYZ has reductase activity with 423 

trimethylamine N-oxide and dimethyl sulfoxide and no oxidase activity with sulfite. The 424 

crystal structure of YedY was solved by Loschi et al. 2004 who observed that YedY has 425 

aromatic amino acid residues (Tyr91, Tyr275 and Trp290, Figure S6) at the active site, not 426 

present in typical sulfite oxidase sequences. Important residues in sulfite oxidase catalysis 427 

(Kisker et al, 1997) and molybdopterin binding (e.g. Cys75, Arg 149, Tyr183, His144, this 428 

last two are not present in the Enterobacteriaceae YedY enzymes) (D’Errico et al, 2006) are 429 

also outlined in Figure S6.  430 

Supplementary Figure S7 shows the alignment for the second putative sulfite oxidase 431 

YlaL, already mentioned in section 4. Although a C-terminal molybdopterin binding 432 
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domain is found, as shown in the alignment, the Cys75 residue, important for catalysis in 433 

sulfite oxidase is not present, suggesting another function or a different sulfite binding for 434 

this protein. A neighbor-joining consensus tree performed for the alignment of both YuiH/ 435 

YedY and YlaL sequences indicates a common ancestor, from where three branch nodes 436 

defining these three sequence groups derive (results not shown). 437 

E. coli has a sulfite reductase enzyme, YvgQR, whose structure is known (Crane et al., 438 

1995). FP alpha component contains FAD and FMN, HP (YvgQ) beta-component contains 439 

a metal center with a [4Fe-4S] cluster coupled, through a cysteine, to siroheme. Electrons 440 

are transferred from NADPH to FAD and on to FMN in FP, and from there to the HP metal 441 

center, where they reduce siroheme-bound sulfite.  442 

The NJ neighbor phylogenetic tree represented in Figure 7 was obtained from the 443 

alignment of YvgQ sequences (Figure S8). Clearly, the Bacillaceae and the 444 

Paenibacillaceae form two distinct groups, a third group is formed by both 445 

Enterobacteriaceae sequences.  All the sequences possess a conserved region at the C-446 

terminus, which correspond to the 4Fe-4S and siroheme binding domain;  the prosite motif 447 

PS00365, characteristic of the beta subunit of sulfite reductase, [STV]-G-C-x(3)-C-x(6)-448 

[DE]-[LIVMF]-[GAT]-LIVMF] is found, where the two C's are presumptive the iron-S 449 

ligands (Valdés et al, 2003). 450 

 451 

7. Gene-cluster organization 452 

Loci for the reported gene sequences were analyzed with respect to their organization 453 

in the genome. The cdo gene was found in the complementary strand of that of adjacent 454 

genes, except in the S sviceus ATCC29083 genome, where it is upstream of a gene important 455 
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in the biosynthesis of F420, cofactor for enzymes involved in redox reactions. On the 456 

contrary, most of the remaining gene sequences showed an operon-like organization.  457 

mtnD gene encoding acireductone dioxygenase is clustered together with three to four 458 

other genes in all the listed members of genera Bacillus, Geobacillus and Brevibacillus 459 

(Figure 8A). In B. subtilis, B.megaterium, B.cereus, and Geobacillus, the cluster mtnEWXBD 460 

comprises the genes encoding the following enzymes: aminotransferase, 2,3-diketo-5-461 

methylthiopentyl-1-phosphate-enolase, 2-hydroxy-3-keto-5-methylthiopentenyl-1-phosphate 462 

phosphatase, methylthioribulose-1-phosphate dehydratase and acireductone dioxygenase, 463 

respectively. It should be noted that in G. thermoleovorans CCBUS3-UF5 MtnB is mistakenly 464 

annotated as 2-hydroxy-3-keto-5-methylthiopentenyl-1-phosphate phosphatase. In G. 465 

thermoglucosidasius, mtnW gene is replaced for an mtnW-like pseudogene. S. sviceus and K. 466 

oxytoca show also a cluster organization with fewer ORF (see Figure 8A), while in 467 

Paenibacillus members, mtnD gene is not part of an operon. MtnD (ARD) is an enzyme that 468 

participates in methionine metabolism producing the alpha-ketoacid precursor of methionine 469 

(KMTB) in the methionine cycling pathway. Therefore, it is expected a location of mtnD gene 470 

in the vicinity of genes mtnE-B, which code for other enzymes of this pathway; this operon 471 

organization provides a fast cellular mechanism in methionine synthesis. Consequently, 472 

Paenibacillus and E.coli, the latter does not possess an mtnD gene, are inefficient in the 473 

supply of a methionine pool for subsequent sulfate formation, an  observation that could 474 

account for the recorded weak production of sulfate both in E.coli and Paenibacillus 475 

mesophilic members (Portillo et al., 2012; Santana et al, 2013).  476 

mccA and mccB genes are clustered together in all the Bacillus, Geobacillus and 477 

Brevibacillus, as well as in C. carboxidivorans and K. oxytoca genomes. In Bacillus and 478 

Geobacillus, mcc genes are within a cluster of at least four genes (Figure 8B) with the 479 

following order yrrT-mtn-mccA-mccB, encoding respectively AdoMet-dependent 480 
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methyltransferase, 5’-methylthioadenosine-S-adenosylhomocysteine nucleosidase (Pfs), 481 

cystathionine-βsynthase and cystathionine γ-lyase. Bacteria that possess mcc genes are able to 482 

produce cysteine and sulfide by the reverse transsulfuration pathway. The MccA substrate- 483 

homocysteine- can be synthesized by homocysteine methyltransferase enzyme, from 484 

methionine, in the AdoMet Recycling pathway. Thus, it is not surprising to find mcc genes 485 

clustered together with yrrT and mtn; AdoMet-dependent methyltransferase catalyzes methyl 486 

group transfer from the ubiquitous cofactor SAM, fundamental both in AdoMet Recycling 487 

pathway and in Methionine salvage via MTR pathway; Pfs is equally important in Methionine 488 

salvage via MTR pathway (see section 2. and Figure 2). Therefore, the reported gene-cluster 489 

organization indicates a tight association and a common regulation for the mentioned 490 

methionine synthesis pathways and reverse transsulfuration.  In those listed bacteria with no 491 

adjacent mccB genes, e.g. Paenibacillus, T. composti and E. coli, the MccA and the MccB–492 

like sequences would indeed correspond to enzymes with a different function (see Figure 8B), 493 

respectively, cysteine synthase and cystathionine γ-synthase or cystathionine β-lyase, in 494 

agreement with the NCBI annotation and the reported function of Mcc-like enzymes in E. 495 

coli, where reverse transsulfuration is absent. Interestingly, the yrrT-mtn-mccA-mccB cluster 496 

is found in those genera comprising the moderate and thermophilic Firmicutes members, e.g. 497 

Geobacillus, which have been shown to be active sulfate producers (Portillo et al., 2012) 498 

suggesting that the presence of the above mentioned pathways association could account for 499 

such production.  500 

 patA gene encoding the B. subtilis aspartate aminotransferase protein is clustered 501 

together with yhzT gene, which encodes a short hypothetical protein. patA homologues, 502 

present in the analyzed genomes, are also in the immediate vicinity of one gene encoding a 503 

hypothetical protein in all the Bacillus and Geobacillus here referred. Once more, a similar 504 

organization is found for Bacillus and Geobacillus members (Figure 8C). In P. elgii and P. 505 
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mucilaginosus, we have found a patA homologue and a pseudogene patA, respectively. They 506 

are both preceded by gene ylyB encoding pseudouridine synthase, an enzyme responsible for 507 

converting uridine in RNA to its C-glycoside isomer, pseudouridine. Probably, the adjacent 508 

patA-like gene encodes a transferase with a role in the posttranscriptional modification of 509 

RNAs. The closest sequence to PatA in T. composti derives from the same branch node as P. 510 

elgii YugH and P. mucilaginosus aminotransferase sequences (Figure 5). The three 511 

corresponding genes are included in gene-clusters with similar organization, with patA framed 512 

between two transcriptional regulators coding sequences, one encoding a protein of Lrp/AsnC 513 

family, the other encoding a SpoE-like protein. The protein members of the Lrp/AsnC family 514 

affect cell metabolism in response to exogenous amino acids; thus, the location of these 515 

sequences suggests that these pat genes have a role in amino acid metabolism. In addition, 516 

both Paenibacillus pat sequences are part of a large cluster including a cysteine synthase 517 

coding gene, therefore a cluster possibly implicated in cysteine metabolism (see Figure 8C). 518 

Also in the Brevibacillus members, the patA genes are found downstream of a transcriptional 519 

regulator of Lrp/AsnC family. The remaining AT sequences in Figure 5 are codified by genes 520 

either isolated in one DNA strand (i.e. the Enterobacteriaceae sequences) or in the vicinity of 521 

other genes, as it is the case in S. sviceus, where the patA-like gene is nearby adenosine 522 

deaminase encoding gene, which is necessary for nucleic acid turnover. Considering the 523 

diversity of patA-like loci organization for the chosen sequences, as well as the versatility of 524 

ATs performed reactions, as mentioned in section 3, it is not possible to infer which of the 525 

patA sequences are encoding a 3-sulfinoalanine aminotransferase. 526 

Gene-cluster organization in neighbor loci of sulfite oxidase encoding gene yuiH is 527 

quite distinct for the different listed microorganisms (Figure 8D). yuiH gene is found in the 528 

vicinity of same strand loci for genes encoding cell amino acid transporters in members of the 529 

genera Bacillus, T. composti, Br. brevis and P.  mucilaginosus (sequences b) (see also Figure 530 
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6). Brevibacillus brevis (sequence a) and Br. laterosporus  yuiH sequences are in gene-531 

clusters with upstream loci for genes encoding a cytosol aminopeptidase and a CoA-binding 532 

protein, indicating an associated role of YuiH to peptide degradation and amino acid 533 

recycling. In P.elgii and P. mucilaginosus (sequence a), yuiH is part of a gene-cluster with 534 

two upstream genes encoding a two-component sensor histidine kinase and a putative 535 

oxidoreductase; this system may be implicated in the regulation of the uptake and metabolism 536 

of amino acids. The loci organization is different in the Geobacillus as well in S. sviceus 537 

(sequence a), where yuiH gene is isolated. In summary, yuiH gene is either clustered with 538 

genes encoding proteins as peptidases and/or amino acid transporters, suggesting that its role 539 

is coupled with protein entrance and further degradation, or in a single locus in Geobacillus, 540 

where it could be implicated in more than one pathway. In K. oxytoca 10-5245 genome, yuiH 541 

like-gene (yedY) is located next to yedZ, the latter encoding the heme binding subunit of the 542 

YedYZ reductase (see section 6), also present in E. coli M863; this surely accounts for 543 

different chemical properties of the enzyme and for the distinct function of this sulfite 544 

oxidase–like enzyme in the Enterobacteriaceae, as mentioned in the above section. 545 

The YvgQ (also named CysI) sequences in Figure 7 are those whose genes are located 546 

immediately downstream the gene cysJ encoding the sulfite reductase flavoprotein alpha-547 

component (Figure 8E). Therefore, it is expected that, for the microbes with this operon 548 

structure, a functional sulfite reductase complex is synthetized likewise that in E. coli, where 549 

it catalyzes the reduction of sulfite to sulfide and is required for the synthesis of L-cysteine 550 

from sulfate (see Wu et al., 1991) (see Equation 2). The gene-cluster organization of the 551 

remaining sequences (see Figure  8E) also suggests a function in amino acid metabolism and 552 

assimilation of inorganic sulfate, due to the proximity of the sulfite reductase–like gene to 553 

Adenosine 5'-phosphosulfate kinase (APSK) or to PAPS reductase coding genes.  APSK 554 

catalyzes the phosphorylation of adenosine 5'-phosphosulfate to form 3'-phosphoadenosine 5'-555 
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phosphosulfate (PAPS), the latter being a sulfate form important for the assimilation of 556 

inorganic sulfate. PAPS reductase uses thioredoxin as an electron donor for the reduction of 557 

PAPS to phospho-adenosine-phosphate (PAP). 558 

 559 

8.  Proposed pathways for the high-sulfate production in thermophilic Firmicutes 560 

 561 

H2S was undetectable in the isolated thermophilic sulfate-producers studied by Portillo 562 

et al, (2012). This is likely to be related to the existence of enzymes in these bacteria capable 563 

of rapidly convert sulfide in other sulfur forms. Also, although gas transport through the 564 

membrane occurs by simple diffusion (Mathai et al, 2009), rapid ionization of the gas at 565 

physiological pH prevents permeation through the membrane. This might have been 566 

determinant in evolution, dictating the presence of such enzymes.  567 

Several main conclusions can be draw from the overall genome analysis on the 568 

presence of particular genes in the microorganisms under analysis in this study, together with 569 

their location and the phylogeny of their encoded enzymes:  570 

- the high sulfate production that has been found for members of genus Bacillus, and 571 

mainly of genera Geobacillus and Brevibacillus (Portillo et al, 2012; Santana et al, 2013) is 572 

related to the number and the type of metabolic pathways involved in that production, along 573 

with the structure of the enzymes involved in those pathways. While the presence of certain 574 

enzymes seems to be not determinant (e.g. the cysteine dioxygenase Cdo and the sulfide 575 

oxidoreductase CysIJ), others- as the Mcc enzymes of the reverse transsulfuration pathway- 576 

are important for the synthesis of sulfide together with ammonium (see Equations 3 and 4), 577 

the latter also produced in large amounts by the thermophilic members of the aforementioned 578 

genera. The produced sulfide is further oxidized to sulfite and this to sulfate, by sulfite 579 

oxidase YuiH, the key enzyme for sulfate production. 580 
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- the reactions associated with ARD activity and Mcc enzymes bypass the need for the 581 

presence of CDO, since ARD catalyzes the synthesis of KMTB, precursor of methionine 582 

synthesis, the amino acid can be further degraded towards cysteine through the reverse 583 

transsulfuration pathway with production of sulfide (Figure 2). The phylogeny of ARD 584 

sequences establishes two main branches, one derived from a common ancestor for the 585 

Firmicutes sequences, the second for K. oxytoca and S. sviceus (Figure 3). Moreover, the 586 

gene-cluster analysis shows the same operon organization for the Firmicutes high sulfate-587 

producing genera Bacillus, Geobacillus and Brevibacillus, where the transcription regulation 588 

of mtnD is common in genes of the methionine recycling pathway, which are in the same 589 

operon.  590 

- due to the large similarity between Mcc sequences and other Mcc-like enzymes, 591 

which are related in terms of evolution (section 2), the presence of cystathionine-β-synthase 592 

(MccA) and cystathionine-γ –lyase (MccB) is inferred through a joint analysis, including 593 

knowledge on physiology and correspondent gene-cluster organization. Also in this case, the 594 

operon organization found for the Bacillus, Geobacillus and Brevibacillus sequences is 595 

related to the phylogeny, with grouping of the corresponding Mcc sequences (Figure 4). In the 596 

genera Bacillus and Geobacillus, mccA and mccB locate next to genes codifying the enzymes 597 

of the Ado Met recycling and methionine salvage pathways, this location indicates an 598 

association between methionine recycling and the reverse transsulfuration pathway.  599 

- as it happens with Mcc sequences, the presence of a GOT2 homologue (PatA) cannot 600 

be inferred through genome analysis because of the related structure of different 601 

aminotransferases and of the catalytic versatility of the PLP-catalyzed reactions (section 3). 602 

The existence of one or more AT, able to form sulfunyl-pyruvate from sulfinoalanine pool 603 

(Figure 1) and/or to use cysteine and aspartate as substrates will largely contribute to extra 604 

sulfide production (Equations 5-7) to be further oxidized to sulfate. In the case of cysteine 605 
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aminotransferase activity, the ulterior activity of MST, a rhodanese sulfurtransferase, is 606 

required. Putative rhodanese domain MSTs encoding genes have indeed been found in the 607 

genomes of most of the listed Bacillales (see section 3).  On the other hand, the juncture 608 

analysis of PatA homologous sequences phylogeny and spatial arrangement of their genes, 609 

suggests that they may correspond to distinct enzymes with different substrate specificity. A 610 

common ancestor can define a main branch node for all the Firmicutes sequences (Figure 5), 611 

with a subgroup including all the Bacillaceae, other the Paenibacillaceae sequences. The first 612 

group presents a common patA gene spatial organization, while the location of patA gene 613 

sequences in the second group (in the vicinity of genes implicated in amino acid metabolism, 614 

particularly cysteine metabolism) suggest a role for the latter Pat proteins as CAT enzymes. It 615 

is noteworthy, that other AT sequences in Bacillaceae members, with lower Blast scores to B. 616 

subtilis PatA, show a spatial arrangement of the corresponding coding genes similar to the 617 

second group. Probably, the existence of many AT translates in a global large potential to 618 

produce sulfide by different vias.  619 

- sulfite oxidase, YuiH, is undoubtefully determinant for sulfate production, as it is 620 

precisely the enzyme that catalyzes its synthesis in the last step of sulfur-organic 621 

dissimilation. The presence in all of the listed Firmicutes, except in B. cereus, namely in those 622 

genera with high sulfate-producers (in some cases, as in Br. brevis, two YuiH-like sequences 623 

are found) corroborates its importance. The enzyme uses oxygen as electron acceptor, readily 624 

available to the aerobic Firmicutes who could therefore rapidly oxidize sulfite. The yuiH gene 625 

shows quite different locus positioning in the different Firmicutes. In spite of that, in all cases 626 

except for the Geobacillus members, the location points to the associated role of YuiH to 627 

amino acid metabolism. The simultaneous presence of a second putative sulfite oxidase, 628 

YlaL, for the genera comprising thermophilic high sulfate-producers, is intriguing and a 629 

subject of further study.  630 
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- sulfite reductase produces sulfide, contributing to sulfate production through the 631 

ulterior sulfite production and the reaction by YuiH. Therefore, the Firmicutes containing 632 

sulfite reductase have an “extra source” for sulfate production. It may be that under excess 633 

hydrogen sulfide the enzyme will produce sulfite and an electron carrier (such as reduced 634 

ferredoxin) that might introduce electrons in the respiratory chain with further ATP 635 

generation. Interestingly, the sulfite reductase complex, which is encoded by two neighbor 636 

genes cysI and cysJ (section 7), is not common to all members of the same genus, suggesting 637 

that the common ancestor for cysI Firmicutes sequences has been lost in some members 638 

during evolution. Because properties of each of these enzymes remain to be known (for 639 

instance, the ability to catalyze the reverse reaction) we cannot infer on the reason for that 640 

lost, which could be also related to the sulfite transport systems in those microbes.  641 

Based on the in silico analysis herein, a general metabolic pathway is proposed (Figure 642 

9) for the high sulfate production in thermophilic Firmicutes, which have been characterized 643 

among Geobacillus, Brevibacillus, and also Bacillus genera (Portillo et al, 2012; Santana et 644 

al, 2013). However, the authors realize that not only several intersected pathways can exist in 645 

the same cell, as their operational status might be modulated according to different conditions, 646 

for instance under normoxic versus oxidative stress. At this regard, it is noteworthy to 647 

mention that few of the listed members (i.e. B. cereus, G. Kaustophilus, P. elgii, Br. brevis 648 

and Br. laterosporus) have a putative sulfide quinone oxidoreductase, a membrane-bound 649 

flavoprotein that oxidizes sulfide to protein-bound persulfide. The reaction results in soluble 650 

polysulfide formation and reduced ubiquinone (Griesbeck et al, 2002), which transfers the 651 

electrons to a bc1 complex or quinol oxidase in the respiratory chain. The general pathway, 652 

pictured in Figure 9, is similar to sulfide oxidation in mitochondria (Kabil and Banerjee, 653 

2010), which is connected to ATP generation. This fact not only reinforces the origin of the 654 

ancestral sulfite oxidase in bacteria (see Paul and Snyder 2012), considering the 655 
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endosymbiotic theory of mitochondria origin, as it may explain why in many thermophiles 656 

sulfate production is higher under stress conditions, i.e. at temperatures near the maximum or 657 

minimum growth temperatures, since ATP production could be a way to cope with such 658 

stress. 659 
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Table captions 792 

Table 1. Presence of genes involved in sulfate production. 793 

 794 

Figure captions 795 

Figure 1. Schematic representation of a proposed pathway for sulfate synthesis from cysteine 796 

in the Bacillalles based on metabolic pathways occurring in mammals and on the annotation 797 

of sequenced genomes. 798 

 799 

Figure 2. Cysteine and methionine pathways in prokaryotes.  After uptake, sulfate is reduced 800 

to sulfide (through enzymes, e.g. ATP sulfurylase and adenosine phosphosulfate kinase, etc) 801 

and the sulfur incorporated into cysteine. The latter reaction is catalyzed by CysK (O-802 

acetylserine (thiol)-lyase-A). In many bacteria, cysteine is used for methionine de novo 803 

synthesis. Cysteine reacts with O-succinylhomoserine to form cystathionine, which is then 804 

cleaved to yield homocysteine. These reactions are catalyzed by MetB (cystathionine γ-805 

synthase) and MetC (cystathionine β-lyase), respectively. Some bacteria use O-806 

acetylhomoserine instead of O-succinylhomoserine in the MetB reaction. The conversion of 807 

homocysteine to methionine is catalyzed by either MetE (cobalamin-independent methionine 808 

synthase) or MetH (cobalamin -vitamin B12-dependent methionine synthase); not all bacteria 809 

contain both enzymes. The reverse transsulfuration pathway is indicated by brown arrows. 810 

The symbol* refers to the putative production of sulfide through reactions catalyzed by YrhA 811 

(MccA) cystathionine-βsynthase; and YrhB (MccB), cystathionine γ-lyase (and homocysteine 812 

γ-lyase). Other abbreviations in the Figure are: KMTB (keto-4-methylthiobutyrate); OAS (O-813 

acetylserine); MHF (4-hydroxy-5-methyl-3(2H)-furanone); MetA (homoserine O-814 

succinyltransferase); MetK (SAM synthetase); YhcE (homocysteine methyltransferase); CysE 815 
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(serine O-acetyltransferase); LuxS (S-ribosylhomocysteine lyase). Underlined products, 816 

pyruvate, α-ketobutyrate and ammonium are the results from MccB catalysis (see text). 817 

 818 

Figure 3. Phylogenetic tree of both CDO and ARD sequences. Tree branches with bootstrap 819 

below 50% were collapsed (the probability of nodes is indicated). Accession numbers of the 820 

phylogenetic tree CDO members are: B. subtilis subsp subtilis str 168 NP_390992.1, 821 

Brevibacillus (Br.) brevis NBRC 100599 BAH45804.1, P. mucilaginosus 3016 822 

YP_005316048.1, P. elgii B69 ZP_09077176.1 and S. sviceus ATCC 29083 ZP_06917524.1. 823 

Accession numbers of the phylogenetic tree ARD members are: B. subtilis subsp subtilis str 824 

168 NP_389245.1, B. megaterium QM B1551 YP_003561720.1, B. cereus ATCC14579 825 

NP_833757.1, B. amyloliquefacciens DSM7 YP_003920039.1, G. thermoleovorans 826 

CCBUS3-UF5 YP_004981546.1, G. thermoglucosidasius C6-YS93 YP_004588899.1, G. 827 

thermodenitrificans NG80-2 YP_001124967.1, G. kaustophilus HTA426 YP_146809.1, G. sp 828 

Y4.1MC1 YP_003990211.1, T. composti KWC4 YP_007212873, Br. Brevis NBRC 100599 829 

BAH45870.1, Br. laterosporus LMG15441 ZP_08639777.1, P. mucilaginosus 3016 830 

YP_005313165.1, P. elgii B69 ZP_09074737.1 and S. sviceus ATCC 29083 ZP_06915925.1, 831 

K. oxytoca 10-5245 EHT02396.1. 832 

 833 

Figure 4. Phylogenetic tree of Mcc sequences. The represented tree is a consensus tree where 834 

branches with bootstrap below 50% were collapsed (the probability of nodes is indicated). 835 

Accession numbers of tree members are: B. subtilis subsp subtilis str 168 MCCA 836 

NP_390604.1; MCCB  NP_390603.1, B. megaterium QM B1551 MCCA YP_003565033.1; 837 

MCCB YP_003565032.1, B. cereus ATCC14579 MCCA NP_834079.1; MCCB 838 

NP_834078.1, B. amyloliquefacciens DSM7 MCCA YP_003921130.1; MCCB 839 
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YP_003921129.1, G. thermoleovorans CCBUS3-UF5 MCCA YP_004983267.1; MCCB 840 

YP_004983266.1; G. thermoglucosidasius C6-YS93 MCCA YP_004587174.1; MCCB 841 

YP_004587175.1, G. thermodenitrificans NG80-2 MCCA YP_001126564.1; MCCB 842 

YP_001126563.1, G. kaustophilus HTA426 MCCA YP_148394.1; MCCB YP_148393.1, 843 

Geobacillus sp Y4.1MC1 MCCA YP_003988449.1; MCCB  YP_003988450.1, T. composti 844 

KWC4 MCCA YP_007214693.1; MCCB YP_007213800.1,  Br. Brevis NBRC 100599 845 

MCCA YP_002774267.1; MCCB YP_002774266., Br. laterosporus LMG15441 MCCA 846 

ZP_08639879.1; MCCB ZP_08639880.1, P. mucilaginosus 3016 MCCA YP_005316842.1; 847 

MCCB YP_005316168.1, P. elgii B69 MCCA ZP_09079537.1; MCCB ZP_09077242.1,  C. 848 

carboxidivorans P7 MCCA ZP_05392126.1;  MCCB  ZP_05392125.1, S. sviceus ATCC 849 

29083 MCCA ZP_06917587.1; MCCB ZP_06919429.1, K. oxytoca 10-5245 MCCA 850 

EHS91301; MCCB EHS91302.1. and E. coli M863 MCCA EGB63267; MCCB EGB59775.1. 851 

 852 

Figure 5. Phylogenetic condensed tree of AAT-like sequences. Branches with bootstrap 853 

below 50% were collapsed (the probability of nodes is indicated). Accession numbers of tree 854 

members are: B. subtilis subsp subtilis str 168 NP_389283.2, B. megaterium QM B1551 855 

YP_003561779.1, B. cereus ATCC14579 NP_833728.1, B. amyloliquefacciens DSM7 856 

YP_003920072.1, G. thermoleovorans CCBUS3-UF5 YP_004981624.1, G. 857 

thermoglucosidasius C6-YS93 YP_004588853.1, G. thermodenitrificans NG80-2 858 

YP_001125020.1, G. kaustophilus HTA426 YP_146888.1, G. sp Y4.1MC1 859 

YP_003990169.1, T. composti KWC4 YP_007212287, Br. Brevis NBRC 100599 860 

YP_002770592.1, Br. laterosporus LMG15441 ZP_08639552.1, P. mucilaginosus 3016 861 

YP_005316197.1, P. elgii B69 PatA  ZP_09073383.1; YugH ZP_09076625.1, C. 862 

carboxidivorans P7 a) ZP_05394073.1; b) ZP_05391167.1, S. sviceus ATCC 29083 863 

ZP_06919100.1, K. oxytoca 10-5245 ZP_17103151.1 and E. coli M863 ZP_16848169. 864 
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Figure 6. Phylogenetic tree of YuiH sequences. Branches with Bootstrap below 50% were 865 

collapsed (the probability of nodes is indicated). Accession numbers of tree members are: B. 866 

subtilis subsp subtilis str 168 NP_391082.1, B. megaterium QM B1551 YP_003564237.1, B. 867 

amyloliquefacciens DSM7 YP_003921594.1, G. thermoleovorans CCBUS3-UF5 868 

YP_004982456.1, G. thermoglucosidasius C6-YS93 YP_004588129.1, G. 869 

thermodenitrificans NG80-2 YP_001125765.1, G. kaustophilus HTA426 YP_147612.1, G. sp 870 

Y4.1MC1 YP_003989380.1, T. composti KWC4 YP_007214134.1, Br. Brevis NBRC 100599 871 

a) YP_002774226.1; b) YP_002775048.1, Br. laterosporus LMG15441 ZP_08639908.1, P. 872 

mucilaginosus 3016 a) YP_005310784.1; b) YP_005314616.1, P. elgii B69 ZP_09074339.1, 873 

S. sviceus ATCC 29083 a) ZP_06916490.1; b) ZP_06915020.1,  K. oxytoca 10-5245 874 

EHS90788.1and E. coli M863 EGB63665.1. 875 

 876 

Figure 7. Phylogenetic tree of YvgQ sequences. The represented tree is a consensus tree 877 

where branches with bootstrap below 50% were collapsed (the probability of nodes is 878 

indicated). Accession numbers of tree members are: B. subtilis subsp subtilis str 168 879 

NP_391223.1, B. megaterium QM B1551 YP_003563552.1, B. amyloliquefacciens DSM7 880 

YP_003921786.1, G. thermoleovorans CCBUS3-UF5 YP_004982050.1, G. 881 

thermodenitrificans NG80-2 YP_001125385.1, G. kaustophilus HTA426 YP_147263.1, T. 882 

composti KWC4 YP_007211273.1, Br. Brevis NBRC 100599 YP_002775330.1, P. 883 

mucilaginosus 3016 YP_005314415.1, P. elgii B69 MCCA ZP_09074926.1, K. oxytoca 10-884 

5245 ZP_17103638.1 and E. coli M863 ZP_16849177.1. 885 

 886 

Figure 8.  Schematic representation of mtnD (A), mcc(B), patA (C), yuiH (D) and yvgQ (E) 887 

gene clusters for the analyzed genomes. A: S. sviceus mtnC codes for 2,3 diketo-5-888 
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methylthio-phosphopentane phosphatase(enolase phosphatase E1), which regenerates 889 

methionine from methylthioadenosine (MTA) B: Br. brevis yutD codes for a hypothetical 890 

protein. P. mucilaginosus mccA-like is cysK2, which codes for cysteine synthase,  891 

ppIase_ppiC codes for a putative PpiC-type peptidyl-prolyl cis-trans isomerase and trpE 892 

codes for anthranilate synthase. C: Br. brevis patA-like gene is alaT, alaR codes for an 893 

transcriptional regulator of AsnC family. P. mucilaginosus  patA-like is yugH, yugG codes for 894 

a transcriptional regulator of AsnC family, cysK codes for cysteine synthase, PM3016_6417 895 

codes for a SpoOE-like sporulation regulatory protein and PM3016_6420 codes for a 896 

hypothetical protein. D: B. subtilis yuiF codes for an amino acid transporter, yuiE codes for  897 

leucylaminopeptidase. Br. brevis yneT codes for a putative CoA- binding protein, pepA codes 898 

for a cytosol aminopeptidase and BBR47_47480 codes for a hypothetical protein. E: G. 899 

thermoglucosidasius YvgQ-like is Geoth_3459 and codes for ferredoxin-nitrite reductase, 900 

Geoth_3457 codes for sulfate adenyltransferase, Geoth_3458 codes for adenosine 5'-901 

phosphosulfate kinase (APSK), Geoth_3460 codes for a hypothethical protein, Geoth_3461 902 

codes for uroporphyrin-III C-methyltransferase, Geoth_3462 codes for sirohydrochlorin 903 

ferrochelatase and Geoth_3463 codes for acylphosphatase. 904 

 905 

Figure 9. H2S biogenesis and sulfate production. A. The enzymes cystathionine-βsynthase 906 

(MccA), cystathionine γ-lyase (MccB) of the transsulfuration pathway, and aspartate 907 

aminotransferase(s) of cysteine catabolic pathway catalyze H2S and sulfite-producing 908 

reactions. B. At the membrane level, the sulfide oxidation pathways couple H2S oxidation to 909 

the electron transfer chain and chemiosmotic ATP production. 910 

  911 
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Table 1. Presence of genes involved in sulfate production* 
912 

 913 
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    Bacteria  

    (Family) 

mccA 

(Cystathione 

β- synthase) 

 

mccB 

(Cystathionine 

γ- lyase) 

mtnD 

(Acireductone 

dioxygenase) 

cdo 

(Cysteine 

dioxygenase) 

patA 

(Aspartate 

aminotransferase) 

yuiH/ylaL 

(Sulfite 

Oxidase) 

yvgQ 

(Sulfite 

Reductase) 

Bacillus 

subtilis subsp. subtilis 

str 168 

  (Bacillaceae) 

+ + + + + +/+ + 

Bacillus megaterium 

QM B1551 

  (Bacillaceae) 

+ + +  + +/+ + 

Bacillus cereus 

ATCC14579 

  (Bacillaceae) 

+ + +  + /+  

Bacillus 

amyloliquefacciens 

DSM7 

  (Bacillaceae) 

+ + +  + +/+ + 

Geobacillus 

thermoleovorans 

CCBUS3-UF5 

  (Bacillaceae) 

+ + +  + +/+ + 

Geobacillus  

thermoglucosidasius 

C6-YS93 

  (Bacillaceae) 

+ + +  + +/+  

Geobacillus  

thermodenitrificans 

NG80-2 

  (Bacillaceae) 

+ + +  + +/+ + 

Geobacillus 

kaustophilus HTA426 

  (Bacillaceae) 

+ + +  + +/+ + 

Geobacillus sp 

Y4.1MC1 

  (Bacillaceae) 

+ + +  + +/+  

Thermobacillus 

composti KWC4 

  (Paenibacillaceae) 

(+)1 (+)1 +  + +/ + 

Brevibacillus  brevis 

NBRC 100599 

  (Paenibacillaceae) 

+ + + + + +/+ + 

Brevibacillus + + +  + +/+  
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 914 

*Gene presence was based on Blastp similarity scores to B. subtilis 168 sequences. Gene-cluster analysis and functional reports were also 915 

considered. Symbols: + indicates presence (black: alignment score over 80, green: alignment score between 50 and 80). Empty boxes represent 916 

absence (alignment score less than 50).  917 

1The positive sign between brackets indicates distinct or possible distinct function. A putatively distinct funtion. 918 

2Lack the enzymes of the reverse transsulfuration pathway (see text). 919 

 920 

  921 

laterosporus 

LMG1544.1 

  (Paenibacillaceae) 

Paenibacillus  

mucilaginosus 3016 

  (Paenibacillaceae) 

(+)1 (+)1 + + + +/ + 

Paenibacillus elgii 

B69 

  (Paenibacillaceae) 

(+)1 + + + + +/ + 

Clostridium 

carboxidivorans strain 

P7 

(Clostridiaceae) 

+ +   (+)1   

Streptomyces 

sviceus ATCC 29083 

  Streptomycetaceae) 

+ + + + (+)1 +/  

Klebsiella oxytoca 

10-5245 
(Enterobacteriaceae) 

+ + +  (+)1 (+)1/ + 

Escherichia coli M863 

(Enterobacteriaceae) 
(+)1,2 (+)1,2   (+)1 (+)1/ + 
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Figure 1 922 
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Figure 2 934 
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Figure 3 961 
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Figure 4 966 

 967 

  968 

G. thermoleovorans CCB US3 UF5  

G. kaustophilus HTA426 

 G. thermodenitrificans NG80-2 

G. thermoglucosidasius C56-YS93 

 Geobacillus sp. Y4.1MC1 

B. megaterium QM B1551 

B. subtilis subsp. subtilis str. 168 

B. amyloliquefaciens DSM 7 

 B. cereus ATCC 14579

Br. brevis NBRC 100599 

 Br. laterosporus LMG 15441 

 C. carboxidivorans P7 

 K. oxytoca 10-5245 

 S. sviceus ATCC 29083

E. coli M863

T. composti KWC4 

 P. mucilaginosus 3016 

 P. elgii B69

E. coli M863

K. oxytoca 10-5245 

S. sviceus ATCC 29083 

T. composti KWC4 

P. mucilaginosus 3016 

P. elgii B69

C. carboxidivorans P7 

 Br. brevis NBRC 100599 

 Br. laterosporus LMG 15441 

 B. subtilis subsp. subtilis str. 168 

 B. amyloliquefaciens DSM 7 

 B. cereus ATCC 14579

 G. thermoglucosidasius C56-YS93 

 G. sp. Y4.1MC1

 B. megaterium QM B1551 

 G. thermodenitrificans NG80-2 

 G. kaustophilus HTA426

 G. thermoleovorans CCB US3 UF5

99
100

100

99

62 

100

69 

67 

96

95 

61 

97
100

71

82 

100

100

100

100
53

100
99

82

66 

52 

96 

100 

MCCA 

MCCB 



 

46 

Figure 5 969 
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Figure 6 972 
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Figure 7 978 
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Figure 8 983 
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