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The genomes of two phenotypically denitrifying type strains of the genus Bacillus were
sequenced and the pathways for dissimilatory nitrate reduction were reconstructed.
Results suggest that denitrification proceeds in the periplasmic space and in an analogous
fashion as in Gram-negative organisms, yet with the participation of proteins that tend
to be membrane-bound or membrane-associated. A considerable degree of functional
redundancy was observed with marked differences between B. azotoformans LMG 95817
and B. bataviensis LMG 21833". In addition to the already characterized menaquinol/cyt
c-dependent nitric oxide reductase (Suharti et al., 2001, 2004) of which the encoding
genes could be identified now, evidence for another novel nitric oxide reductase (NOR)
was found. Also, our analyses confirm earlier findings on branched electron transfer with
both menaquinol and cytochrome ¢ as reductants. Quite unexpectedly, both bacilli have
the disposal of two parallel pathways for nitrite reduction enabling a life style as a denitrifier
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INTRODUCTION
Nitrogen is an essential element of all forms of life, but most
of it on Earth is only available in an inaccessible form as dini-
trogen gas (N). Nitrogen-fixing microorganisms, however, are
able to bind N, into ammonium, which serves as a nutrient for
other organisms. Nitrifiers use ammonium as the electron donor
in their energy metabolism by oxidizing it to nitrite and nitrate.
The latter two compounds are utilized by other microbial species
for anaerobic respiration, reducing nitrite and nitrate back to
dinitrogen gas in a process called denitrification or dissimilatory
nitrate/nitrite reduction, thus closing the biogeochemical nitro-
gen cycle (N-cycle). These three basic processes have been known
for over hundred years, but in the last decades it has become
clear that the N-cycle is definitely more complex. It now appears
that two major processes have been overlooked for a long time:
anaerobic ammonium oxidation (anammox) and dissimilatory
reduction of nitrite/nitrate into ammonium (DNRA), also known
as nitrate/nitrite ammonification [see for recent reviews: Jetten
(2008); Kraft et al. (2011); Lam and Kuypers (2011); Martinez-
Espinosa et al. (2011)]. Like classical denitrifiers, DNRA bacteria
employ nitrite and nitrate as electron acceptors for respiration
(Einsle et al., 2002). They, however, reduce these compounds to
ammonium as the name suggests. Hitherto, no species are known
that carry out both denitrification and DNRA.

In its canonical form, dissimilatory nitrate reduction consists
of four consecutive steps: (1) reduction of nitrate to nitrite, (2)
nitrite reduction to nitric oxide (NO), (3) NO reduction to pro-
duce nitrous oxide (N,O), and (4) reduction of the latter to N,.
The specific enzyme for N>O reduction, N,O reductase (NOS,
N,OR) is not always present and microorganisms lacking this

and as an ammonifying bacterium.
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enzyme make N, O as their end product. In practice, a “true den-
itrifier” converts at least 80% of the consumed nitrate or nitrite
to either N, O or N, (Mahne and Tiedje, 1995). Also DNRA bac-
teria are capable of N,O formation, albeit in non-stoichiometric
amounts that don’t exceed 2-36% of consumed nitrate (Bleakley
and Tiedje, 1982; Streminiska et al., 2012). Moreover, the produc-
tion occurs only during the stationary phase, suggesting emission
to be the result of a secondary metabolism (Smith, 1983).

The process of dissimilatory nitrate reduction has been exten-
sively investigated at the genetic, enzymological, and regulatory
levels using, among others, Paracoccus denitrificans, Pseudomonas
stutzeri, Eschericha coli, and Wolinella succinogenes as model
organisms [see for example: Tucker et al. (2005); van Wonderen
et al. (2008); Bergaust et al. (2010); Pomowski et al. (2011);
Penia et al. (2012), and references in Zumft (1997); Kern and
Simon (2009); Simon and Klotz (2012)], of which most belong
to Gram-negative Proteobacteria. In the Gram-negative bacteria,
the enzymatic reactions involved in denitrification reside at the
periplasm, except for nitrate reduction by the Nar-type nitrate
reducase, and are catalyzed either by soluble enzymes (periplas-
mic nitrate-, nitrite-, and N,O reductases) or enzymes having
their catalytic site embedded in the membrane (NO reductase).
Similarly, electron transfer processes that are related to the differ-
ent reduction reactions are mediated by a broad variety of soluble
cytochrome c type or cupredoxin-like copper proteins localized in
the periplasm.

Dissimilatory nitrate reduction is not restricted to Gram-
negative species. In fact, denitrification and DNRA activities have
been observed in a wide species and niche diversity among Gram-
positive microorganisms as well, in particular Bacillus species
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(de Barjac and Bonnefoi, 1972; Garcia, 1977; Pichinoty et al.,
1978, 1983; Tiedje, 1988; Denariaz et al., 1989). However, our
knowledge at the molecular and genomic levels on this taxo-
nomic lineage is rather fragmentary. Whereas many genomes of
the representatives of the genus Bacillus are available, only four
genomes have been reported to contain genes encoding denitrifi-
cation or ammonification key enzymes. The genome of Bacillus
selenitireducens was found to harbor a homolog of the gene
coding for dissimilatory nitrite reductase making ammonium
(nrfA), while gnorB homologs, encoding the quinol-dependent
nitric oxide reductase (NOR), were detected in Bacillus coagulans
XZL4 (Su et al., 2011), Bacillus licheniformis ATCC 145807 (Rey
et al., 2004; Veith et al., 2004), and Bacillus sp. BTB_CT2. None
of these species can be unequivocally designated as denitrifiers.
Unlike Gram-negative bacteria, Gram-positive microorganisms
only have a very limited periplasmic space. In this respect, it is
remarkable that activities of denitrifying enzymes were consis-
tently associated with membrane fractions (Denariaz et al., 1991;
Urata and Satoh, 1991; Suharti et al., 2001; Suharti and de Vries,
2005; Fukuda et al., 2011; Matsumoto et al., 2012). Similarly, the
limited number of such enzymes that have been purified to date
from bacilli or close relatives are all membrane proteins (Denariaz
et al., 1991; Urata and Satoh, 1991; Suharti et al., 2001; Suharti
and de Vries, 2005; Fukuda et al., 2011; Matsumoto et al., 2012).

Considering the wide-spread occurrence of dissimilatory
nitrate reduction and DNRA among Bacillus species (Verbaendert
et al., 2011), their ecological relevance, niche, and species differ-
entiation, possibly particular demands that are posed to the local-
ization and organization of enzymes involved in these processes,
and an overall limited knowledge regarding their molecular
mechanisms, we now sequenced the genomes of two well-known
denitrifying, publicly available representatives, Bacillus azotofor-
mans LMG 95817 (Pichinoty et al., 1983) and Bacillus bataviensis
LMG 21833" (Heyrman et al., 2004), able to produce dinitro-
gen and nitrous oxide respectively as end-products (Verbaendert
et al., unpublished data). In order to come to a more comprehen-
sive understanding of nitrate respiration by these Gram-positive
microorganisms, we focused on their denitrifying inventories.
Using bio-informatic tools, all gene products were analyzed for
their homology with well studied enzymes from other organ-
isms, their cellular localization and, in case of membrane proteins,
for their putative topology and orientation. The results of our
study enabled an unprecedented insight into the genomic basis
underlying denitrification in both Bacillus species.

MATERIALS AND METHODS

STRAINS AND DNA EXTRACTION

Bacillus azotoformans LMG 95817 and Bacillus bataviensis LMG
21833" were obtained from the BCCM/LMG bacteria collec-
tion. Strains were aerobically grown on trypticase soy broth at
28°C. Cells were harvested after overnight growth and DNA was
extracted by the method of Pitcher et al. (1989), slightly modified
as described previously (Heyndrickx et al., 1996).

GENOME SEQUENCING
Library preparation and genome sequencing was performed by
Baseclear B.V. For sequencing, a paired-end strategy on the

Ilumina Genome Analyzer IIx was used that yielded reads of an
average length of 74 bp. Automatic trimming (based on a thresh-
old of Q = 20) and assembly was performed using CLC Genomics
Workbench v4. The k-mer parameter was varied to maximize the
N50 of the resulting assembly for each genome. Genome statistics
are listed in Table 1.

GENOME ANNOTATION

Functional annotation and metabolic reconstruction was per-
formed with (1) the Rapid Annotation Subsystem Technology
(RAST) server (Aziz et al., 2008), using Glimmer (Salzberg
et al., 1998) for gene calling and allowing frameshift correc-
tion, backfilling of gaps, and automatic fixing of errors, (2)
KEGG Automatic Annotation Server (KAAS) (Moriya et al.,
2007), using Glimmer gene calls from RAST and total prokary-
otic genes data set for annotation, and (3) NCBI’s Prokaryotic
Genome Automatic Annotation Pipeline (PGAAP) (http://
www.ncbi.nlm.nih.gov/genomes/static/Pipeline.html) which uses
GeneMark and GeneMark. HMM for gene calling (Borodovsky
and McIninch, 1993; Lukashin and Borodovsky, 1998). Assigned
functions were checked with pBLAST (Altschul et al., 1997)
and InterProScan (Zdobnov and Apweiler, 2001). An inven-
tory of genes involved in denitrification and ammonifica-
tion for both genomes are listed in Tables2, 3. Missing
genes were searched for in the genome with PSI-BLAST
using homologous amino acid sequences of closely related
Bacillus or Geobacillus species. Possible frameshifts men-
tioned in the text were not corrected in the submitted
genome.

Location of proteins in cells was initially predicted with
sequence-based tools as described by Emanuelsson et al. (2007):
SignalP 4.0 (Petersen et al., 2011) was used for prediction of
secretory signal proteins, TatP 1.0 for twin-arginine translocation
signal proteins (Bendtsen et al., 2005), TMHMM 2.0 for trans-
membrane o-helices (Krogh et al., 2001), LipoP 1.0 (Rahman
et al., 2008) for lipoprotein signal proteins, and SecretomeP 2.0
for signal peptide-less secretion (Bendtsen et al., 2004). If a trans-
membrane helix was predicted in the same region as a signal
peptide, results were verified with Phobius (Kill et al., 2004).

Table 1 | Genome characteristics of both analyzed genomes.

B. azotoformans B. bataviensis

LMG 95817 LMG 218337
# contigs 169 197
Size (Mb) 4,3MB 5,4 Mb
Av. read coverage 86x 79,5x
N50 (Kb) 94,5 82,1
% G+C 39,7 39,6
# RNA calls 8 rRNA 6 rRNA
25 tRNA 23 tRNA
# CDS calls 4226 5207
NCBI accession n° AJLRO0000000 AJLS00000000
NCBI BioProject PRJINAB0827 PRJINA77725

Calls for RNA and CDS were deduced from PGAAR
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Table 2 | Overview of gene inventory involved in nitrogen assimilation, denitrification and ammonification of B. azotoformans LMG 95817.

Function Gene Gene coordinates Size pBLAST best hit ORF identifier
(bp)
Genbank identifier % Rel. gene
ID length
Cytoplasmic narG1 contig48_8658_4975 3684  ABO66033 Geobacillus 73 100,1 BAZO_08891
dissimilatory nitrate thermodenitrificans NG80-2
reduction narH1 contig48_4985_3435 1551 ABO66034.1 Geobacillus 73 101,4 BAZO_08886
thermodenitrificans NG80-2
narJ1 contig48_3463_2900 564 ABOB66035 Geobacillus 46 101,1 BAZ(O_08881
thermodenitrificans NG80-2
narll contig48_2856_2140 717 YP_001124781.1 Geobacillus 65 103,9 BAZ0O_08876
thermodenitrificans NG80-2
narG2 contigb9_15227_11544 3684 EEL50916 Bacillus cereus 80 98,0 BAZO_10677
Rock3-44
narH2 contig69_11554_10088 1467 EID44195 Geobacillus 84 99,8 BAZO_10672
thermoglucosidans TNO-09.020
narJ2 contig69_10009_9455 555 YP_005422967 Bacillus 46 100,0 BAZO_10667
amyloliquefaciens subsp.
plantarum YAU B9601-Y2
narl2 contig69_9458_8769 690 YP_0029495971 Geobacillus sp. 69 98,3 BAZO_10662
WCH70
Periplasmic napG1 contig124_32161_32757 597 ZP_07949106.1 Eggerthella sp. 57 975 BAZO_15064
dissimilatory nitrate 1_3_B6FAA
reduction napA contig124_32833_35370 2538 YP_004710008.1 Eggerthella sp. 61 99,3 BAZO_15069
YY7918
napB contig124_35383_35802 420 YP_003303796.1 28 80,9 BAZO_15074
Sulfurospirillum deleyianum DSM
6946
napD contig124_35847_36104 258 ZP_07949109.1 Eggerthella sp. 38 101,2 BAZO_15079
1_3_56FAA
napH contig121_9516_10421 906 ZP_07949110.1 Eggerthella sp. 40 101,3 BAZO_14359
1_3_56FAA
napG2 contig124_36110_36679 570 ZP_09635522 Desulfitobacterium 36 101,6 BAZO_15084
dehalogenans ATCC 51507
Assimilatory nitrate nasC Not present
reduction
Assimilatory nitrite nirB Not present
reduction nirD Not present
Nitrate transport narkK contig69_15531_17030 1500 ZP_08006147.1 Bacillus sp. 66 99,6 BAZ0O_10682
2_A_57_CT2
Nitrite transport nirC1 contig05_16758_15988 768 ZP_09351718.1 Bacillus smithii 62 BAZO_00505
7_3_47FAA
nirC2 contig107_<1_505 505 YP_005876144.1 Lactococcus 97 BAZO_11644
lactis subsp. cremoris A76
Ammonium transport Not present
Dissimilatory nitrite nrfH contig37_9421_9936 516 YP_002435907.1 Desulfovibrio 46 108,2 BAZ0O_03250
reduction to vulgaris str. "Miyazaki F’
ammonium nrfA contig37_9926_11395 1469 ZP_09602448.1 Bacillus sp. 65 103,1 BAZO_03255
TNLASE
Dissimilatory nitrite nirk contig38_30517_31578 1062 ZP_08007035.1 Bacillus sp. 74 100,3 BAZO_03565
reduction to NO 2_A 57_CT2
(Continued)
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Table 2 | Continued.

Function Gene Gene coordinates Size pBLAST best hit ORF identifier
(bp)
Genbank identifier % Rel. gene
ID length
Dissimilatory gnorB1 contig04_38763_36502 2262  ZP_09601292.1 Bacillus sp. 82 99,3 BAZO_00190
quinol-dependent nitric TNLA3E
oxide reduction gnorB2 contig48_12741_10378 2364  ZP_09599319.1 Bacillus sp. 77 100,5 BAZO_08916
TNLASE
norD/yojO  contig15_10303_8381 1923  AENB9960.1 Bacillus 58 100,5 BAZO_01537
megaterium WSH-002
norQ/yojN  contig15_11194_10313 882 YP_003597326.1 Bacillus 73 96,7 BAZO_01542
megaterium DSM 319
dnrN/norA  contig39_94731_95435 705 ZP_08532570.1 Caldalkalibacillus 56 98,7 BAZO_04395
thermarum TA2.A1
Dissimilatory cbaC1 contig42_104893_105033 138 ZP_08784194.1 Ornithinibacillus 38 102,2 -
menaquinol/cyt scapharcae TW25
c-dependent nitric oxide ~ cbaB1 contig42_105051_105512 462 YP_004095308.1 Bacillus 70 99,4 BAZO_06394
reduction (Type I) cellulosilyticus DSM 2522
(qCuaNOR, sNOR) cbaA1 contig42_105527_107233 1707  ZP_08532586.1 Caldalkalibacillus 71 100,9 BAZ0O_06399
thermarum TA2.A1
senC1 contig42_107320_107955 636 YP_004095310.1 Bacillus 62 100,5 BAZO_06404
cellulosilyticus DSM
cbaD1 contig42_107955_108527 570 ZP_08008054.1 Bacillus sp. 69 102.1 BAZO_06409
2_A_57_CT2
Putative dissimilatory cbaC2 contig40_60717_60133 582 ZP_03146936.1 Geobacillus sp. 44 101.0 BAZO_04695
menaquinol/cyt G11MC16
c-dependent nitric oxide senC2 contigd0_61349_60744 606 ABO66889.1 Geobacillus 44 95,7 BAZO_04700
reduction (Type II) thermodenitrificans NG80-2
cbaA2 contig40_62823_61342 1482  ABO66888.1 Geobacillus 65 102,5 BAZO_04705
thermodenitrificans NG80-2
cbaB2 contig40_63368_62850 519 ZP_03146939.1 Geobacillus sp. 58 96,6 BAZO_04710
G11MC16
Dissimilatory nitrous nosFOo contig04_11581_12357 777 ZP_07028021.1 Afipia sp. TNLS2 52 101,2 BAZO_00080
oxide reduction nosC1 contig04_19964_20425 459 ZP_08982140.1 36 104,1 BAZO_00115
Desulfosporosinus meridiei DSM
13257
nosZ1 contig04_20450_22300 1851  YP_00454079.1 66 973 BAZO_00120
Desulfotomaculum ruminis DSM
2154
nosD1 contig04_22977_24377 1401  AEG59795.1 Desulfotomaculum 36 95,3 BAZO_00130
ruminis DSM 2154
nosL1 contig04_24398_24883 485 ZP_09074493.1 Paenibacillus elgii 36 83,8 BAZO_00135
B69
nosY1 contig04_24858_25700 843 YP_0024567171 45 101,1 BAZO_00140
Desulfitobacterium hafniense
DCB-2
nosF1 contig04_25697_26614 918 ZP_09636992.1 43 100,0 BAZO_00145
Desulfitobacterium
dehalogenans
nosC2 contig41_6372_6797 423 YP_001125844.1 Geobacillus 48 934 BAZO_05335
thermodenitrificans NG80-2
nosz2 contigd1_6822_8702 1881  YP_001125843.1 Geobacillus 76 100,8 BAZO_05340
thermodenitrificans NG80-2
(Continued)
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Table 2 | Continued.

Function Gene Gene coordinates Size pBLAST best hit ORF identifier
(bp)
Genbank identifier % Rel. gene
ID length
nosD2 contig41_9319_10644 1326  YP_001125841.1 Geobacillus 48 102,1 BAZO_05350
thermodenitrificans NG80-2
nosC3 contig147_57854_58288 432 YP_001125844.1 Geobacillus 51 95,4 BAZO_18221
thermodenitrificans NG80-2
nosZz3 contig147_58304_60181 1878  YP_001125843.1 Geobacillus 78 100,6 BAZ0O_18226
thermodenitrificans NG80-2
nosD3 contig147_60810_62126 1317 YP_001125841.1 Geobacillus 55 101,4 BAZO_18236
thermodenitrificans NG80-2
nosY3 contig147_62126_62923 798 YP_001125840.1 Geobacillus 48 100,4 BAZ0O_18241
thermodenitrificans NG80-2
nosF3 contig147_62920_63591 672 YP_001125839.1 Geobacillus 65 101,8 BAZO_18246
thermodenitrificans NG80-2
nosD4 contig147_26847_28190 1344  YP_002315691.1 Anoxybacillus 37 100,7 BAZO_18066
flavithermus DSM 21510 / WK1
nosL4 contig147_28190_28672 482 YP_002315692.1 Anoxybacillus 45 108,6 BAZO_18071
flavithermus DSM 21510 / WK1
nosY4 contig147_28713_29543 831 YP_002315693.1 Anoxybacillus 43 103,0 BAZO_18076
flavithermus DSM 21510 / WK1
nosfF4 contig147_29548_30279 732 YP_002315694.1 Anoxybacillus 53 104,7 BAZO_18081
flavithermus DSM 21510 / WK1
nosD5 contig120_85053_86486 1434  YP_003570259.1 Salinibacter 28 102,8 BAZO_14249
ruber M8
nosL5 contig120_86476_86982 506 ZP_08007037.1 Bacillus sp. 41 1074 BAZO_14254
2_A_57_CT2
nosY5 contig120_87020_87985 966 ZP_08007038.1 Bacillus sp. 52 115,4 BAZO_14259
2_A_57_CT2
SenC/SCO1-type senC3 contig09_37800_37213 522 YP_002316585.1 Anoxybacillus b5 88,8 BAZO_01207
membrane-bound flavithermus WK1
protein senC4 contig147_56968_57558 591 ZP_01173458.1 Bacillus sp. NRRL 53 101,5 BAZ0O_18216
B-14911

Genes are ordered according to their location in the operon when applicable. Gene size is given in absolute numbers as well as relative to that of best pBLAST hit.

No ORF identifier is given when ORF was too small to be recognized in initial annotation.

Whenever available, predictions were checked by comparison to
homologous proteins with validated function and resolved crystal
structure.

Alignment and phylogenetic analysis were performed with
ClustalW 2.0 (Larkin et al., 2007) and MEGA 5.0 (Tamura et al.,
2011).

ACCESSION NUMBERS

The Whole Genome Shotgun projects of Bacillus azotoformans
LMG 95817 and Bacillus bataviensis LMG 21833" have been
deposited at DDBJ/EMBL/GenBank under the accession num-
bers AJLR00000000 and AJLS00000000, respectively. The versions
described in this paper are the first versions, AJLR01000000 and
AJLS01000000.

RESULTS AND DISCUSSION

Bacillus azotoformans was originally isolated from garden soil
and the organism has been known for decades to be a vigorous

denitrifier (Pichinoty et al., 1983). Several biochemical stud-
ies investigating the enzymes involved in denitrification were
conducted but no genomic data was available to aid inter-
pretation of observations. Therefore, the genome of the type
strain of the species was sequenced and the genes associated
with dissimilatory nitrate reduction were analyzed. Unexpectedly,
the genome contained the genes encoding both the complete
denitrification pathway and nitrite ammonification (Table 2).
No other organism is known to possess both pathways and
also no experimental data has been reported that suggested
their concurrence in one organism. This, however, may not
be exceptional. Next to Bacillus azotoformans LMG 95817 we
sequenced the genome of the type strain of B. bataviensis LMG
218337, originally isolated from soil (Heyrman et al., 2004).
This strain was arbitrarily chosen, but it also contained the
gene inventory for both processes (Table 3). Hereafter, we will
discuss denitrification and ammonification in B. azotoformans
step by step, after which both processes will be described for
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Table 3 | Overview of gene inventory involved in nitrogen assimilation, denitrification and ammonification of B. bataviensis LMG 218337.

Function Gene Gene coordinates Size pBLAST best hit ORF identifier
(bp)
Genbank identifier % Rel. gene
ID length
Cytoplasmic narG contig126_61985_583262 3660  YP_001124778.1 Geobacillus 73 99,4 BABA_18597
dissimilatory nitrate thermodenitrificans NG80-2
reduction narH contig126_58336_56810 16527 YP_001124779.1 Geobacillus 82 99,8 BABA_18592
thermodenitrificans NG80-2
narJ contig126_56817_56287 531 YP_001124780.1 Geobacillus 44 95,2 BABA_18587
thermodenitrificans NG80-2
narl contig126_56275_55547 729 YP_001124781.1 Geobacillus 66 105,7 BABA_18582
thermodenitrificans NG80-2
Periplasmic napA not present
dissimilatory nitrate napB not present
reduction napD not present
napH contig114_85875_86333 459 AEN91893.1 Bacillus 41 90,0 BABA_14547
megaterium WSH-002
napG not present
Assimilatory nitrate nasC contig121_7018_4829 2190  YP_005311789.1 Paenibacillus 80 99,5 BABA_16882
reduction mucilaginosus 3016
Assimilatory nitrite nirB contig05_23966_21540 2427 ZP_09602179.1 Bacillus sp. 75 100,1 BABA_00915
reduction TNLASE
nirD contig05_21543_21223 321 ZP_09602178.1 Bacillus sp. 60 99,1 BABA_00910
1NLAZE
Nitrate transport narK1 contig115_127063_125732 1332 YP_003562112.1 Bacillus 84 98,4 BABA_15587
megaterium QM B1551
nark2 contig126_45914_44613 1302  YP_004643043.1 Paenibacillus 78 99,5 BABA_18532
mucilaginosus KNP414
nark3 contig126_47642_46140 1503  YP_002774204.1 Brevibacillus 65 100,4 BABA_18537
brevis NBRC 100599
narkK4 contig135_17368_16046 1323 ZP_08680547.1 Sporosarcina 68 99,8 BABA_20711
newyorkensis 2681
Nitrite transport nirC contig74_20117_19245 816 ZP_09600582.1 Bacillus sp. 73 98,6 BABA_12510
TNLA3E
Ammonium transport  amt contig121_78501_79763 561 ZP_10130407.1 Bacillus 87 974 BABA_17227
methanolicus PB1
Dissimilatory nitrite nrfA contig123_39386_40837 1452 ZP_09602448.1 Bacillus sp. 74 102,1 BABA_17657
reduction to TNLASE
ammonium nrfH contig123_38870_39382 513 ZP_09602447.1 Bacillus sp. b5 98,8 BABA_17652
1NLAZE
Dissimilatory nitrite nirk contig42_38340_38029; 1053 ZP_08007035.1 Bacillus sp. 71 99,4 BABA_p06582
reduction to NO contig42_38025_37288 2_A_57_CT2
Dissimilatory gnorB1 contig121_76393_77409 1017 ZP_09601292.1 Bacillus sp. 79 447 BABA_17212
quinol-dependent TNLASE
nitric oxide reduction gnorB2 contighb_76161_75334; 1707 ZP_09599319.1 Bacillus sp. 77 72,5 BABA_p08977
contigh5_77043_76291 1NLAZE
norD not present
norQ not present
dnrN/norA contig134_9390_8692 699 ZP_09599666.1 Bacillus sp. 65 100,9 BABA_20471
TNLA3E
(Continued)
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Table 3 | Continued.

Function Gene Gene coordinates Size pBLAST best hit ORF identifier
(bp) Genbank identifier % Rel. gene
ID length
Dissimilatory cbaD1 contig02_44305_43748 570 ZP_08532584.1 Caldalkalibacillus 62 95,9 BABA_00215
menaquinol/cyt thermarum TA2.A1
c-dependent nitric senC1 contig02_44940_44308 633 YP_004095310.1 Bacillus 65 100,0 BABA_00220
oxide reduction cellulosilyticus DSM 2522
(Type 1) cbaAl contig02_46749_45067 1683 ZP_08008056.1 Bacillus sp. 82 99,5 BABA_00225
(qCuaNOR, sNOR) 2_A_57_CT2
cbaB1 contig02_47231_46764 468 ZP_08008055.1 Bacillus sp. 66 74,3 BABA_00230
2_A 57_CT2
cbaC1 contig02_47384_47244 138 YP_004095307.1 Bacillus 46 92,0 -
cellulosilyticus DSM 2522
ctaB contig02_48671_47742 927 ZP_9916061.1 Lentibacillus sp. 64 99,4 BABA_00235
Grbi
Putative dissimilatory cbaB2 contig126_34202_34621 420 ZP_08007586.1 Bacillus sp. 66 76,5 BABA_18497
menaquinol/cyt 2_A_57_CT2
c-dependent nitric ccaA2 contig126_34739_36205 1467 ZP_08007585.1 Bacillus sp. 74 100,2 BABA_18502
oxide reduction 2_A_57_CT2
(Type 1)
SenC/SCO1-type senC2 contig36_3182_4066 885 YP_823233.1 bacterium Ellin514 28 96,1 BABA_04124
membrane-bound senC3 contighb_18362_17802 561 EIJ83190.1 Bacillus methanolicus 54 974 BABA_08661
protein MGA3
senC4 contig126_63835_64437 603 ZP_10131691.1 Bacillus 78 58,9 BABA_18617

methanolicus PB1

Genes are ordered according to their location in the operon when applicable. Gene size is given in absolute numbers as well as relative to that of best pBLAST hit.

No ORF identifier is given when ORF was too small to be recognized in initial annotation.
aThe startcodon of BABA_18597 as deposited at DDBJ/EMBL/GenBank, contains a false start codon with an extra 30-bp sequence at the 5 terminus.

B. bataviensis with an emphasis on the differences between both
species.

NITRATE REDUCTION

The reduction of nitrate to nitrite in Bacteria is catalyzed by
three different types of enzymes, that all bind a molybdenum
bis molybdopterin guanine dinucleotide (Mo-bis-MGD) cofac-
tor at the catalytic subunit together with a 4Fe-4S cluster for
electron transfer (Rothery et al., 2008). Two of these nitrate reduc-
tases (NARs) are involved in respiration, the cytoplasmic Nar,
and the periplasmic Nap. The third one, Nas, acts in nitrogen
assimilation and is localized in the cytoplasm. In the genome of
B. azotoformans a gene coding for Nas is absent, but the organ-
ism contains the inventory for two functional Nar systems as well
as one Nap protein complex (Figure 1). As yet, the presence of
a periplasmic NAR has not been reported for a Gram-positive
bacterium.

The Nar enzyme is composed of three subunits (NarGHI).
In the genome, the genes coding for the three subunits are usu-
ally linked with the nar] gene encoding a maturation protein.
NarGHI is well characterized by the resolution of the atomic
structure of the enzyme from E. coli (Bertero et al., 2003, 2005).
In the complex, NarG is the catalytic subunit housing the Mo-
bis-MGD cofactor and a 4Fe-4S cluster. In Proteobacteria, NarG

and NarH are localized in the cytoplasm, despite the presence
in the former of a TAT signal for protein export, but the TAT
sequence is non-functional (Ize et al., 2009). NarH binds three
4Fe-4S clusters and one 3Fe-4S cluster in tandem and mediates
electron transfer between NarG and Narl. Narl is a membrane
protein with five transmembrane helices (TMHs) that sandwich
two cytochrome b molecules, one near the cytoplasmic and the
other one near the periplasmic face. In addition, Narl inter-
acts with the electron donor for nitrate reduction, menaquinol,
notably at the periplasmic side (Bertero et al., 2005). The com-
plex is organized such that the uptake of two protons in the
cytoplasm during nitrate reduction is associated with the release
of two protons at the periplasm upon quinol oxidation, thus
contributing to the building of proton-motive force (pmf) by
a redox loop mechanism (Rothery et al., 2008; Simon et al.,
2008).

As mentioned, the genome of B. azotoformans codes for
two different Nar systems (NarG1H1J1I1, BAZO_08891-08876;
NarG2H2]J212, BAZO_10677-10662) (Figure 1A). In both NarGs
(with 74.9% aa sequence identity), all structurally relevant
amino acids are fully conserved with respect to those in E. coli
NarG (data not shown). Similarly, all structurally and func-
tionally relevant amino acids are conserved in both NarH
and Narl copies with respect to those of the E. coli enzyme.
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B. azotoformans

A 1kb

B. bataviensis

B. azotoformans

FIGURE 1 | Physical map of the B. azotoformans LMG 95817 and B. bataviensis LMG 218337 nar (A) and nap (B) gene clusters. Arrows show the
direction of transcription. Open reading frames are drawn to scale. Homologous genes are shown in identical colors.

These observations indicate that the two B. azotoformans Nars
are functional. NarGl and NarG2 are devoid of a TAT sig-
nal sequence, indicative of their cytoplasmic localization. In
agreement herewith, the narG2H2J2I12 gene cluster is linked
to a gene coding for a protein (BAZO_10682) of the NarK
family of nitrate transporters (Moir and Wood, 2001). More
specifically, the pertinent protein is a member of the NarK2
subfamily of nitrate—nitrite antiporters. In other parts of the
genome two genes (BAZO_00505, nirC1l; BAZO_11644, nirC2)
are found coding for members of the NirC/FocA Major Facilitator
Superfamily (MEFS). Proteins belonging to this superfamily facili-
tate the translocation across the cytoplasmic membrane of nitrite
(NirC), formate (FocA), or even both (Moir and Wood, 2001;
Falke et al., 2010). BAZO_11644 shows 97% sequence iden-
tity to fdhC gene product of Lactococcus lactis subsp. cremoris
(YP_001032837). FdhC is a formate transporter associated with
the formate dehydrogenase, which highly suggests a same func-
tion for BAZO_11644. A BlastP search indicates BAZO_00505 to
be most closely related to putative formate/nitrite transporters
from other Bacillus species including B. subtilis (NP_390598,
61% aa identity). As compared to FocA and NirC proteins of
which the function has been established, sequence similarity
of BAZO_00505 is higher with respect to the NirC members,
which might imply that this B. azotoformans protein favors nitrite
export.

The presence of a periplasmic NAR system comes as a sur-
prise. Nature has invented several variations on the Nap theme
(Simon and Klotz, 2012) and B. azotoformans adds one more.
First of all, the nap gene cluster organization (napGIABDG2-
moaA BAZO_15084-15059) is unusual with two copies of the
napG gene (napGl, BAZO_15064; napG2, BAZO_15084) and
the presence of a gene (moaA; BAZO_15069) coding for one
of the enzymes involved in Mo-bis-MGD biosynthesis (Table 2;
Figure 1B). The nap gene cluster is devoid of genes coding
for NapH, which is found in another part of the genome
(BAZO_14359), whereas coding sequences for the cytoplasmic
maturation factors NapF, a 4Fe-4S protein, and NapL are com-
pletely absent. Furthermore, no gene accounting for quinol-
oxidizing membrane-bound NapC is found on the genome. These
genes are also missing in Campylobacter jejuni, where nrfH seems
to replace napC (Pittman et al., 2007). Still, the available genes
would suffice for an operational Nap system (Gonzdlez et al.,
2006). In this system, NapA represents the catalytic subunit har-
boring a Mo-bis-MGD cofactor and a 4Fe-4S cluster like in NarG.
NapD is involved in the posttranslational assembly of NapA.
NapA receives its electrons for nitrate reduction from the com-
panion diheme ¢ protein NapB. NapAB are particularly well
characterized by resolution of the crystal structures from at least
four different species (Arnoux et al., 2003; Jepson et al., 2007;
Kern and Simon, 2008; Najmudin et al., 2008; Coelho et al.,
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2011). The comparison of the amino acid sequence of B. azoto-
formans NapA with those of known atomic structures reveals the
conservation of all amino acids related with the binding of the
molybdopterin cofactor and of the iron sulfur cluster. However,
NapB contains some specific insertions and deletions with respect
to NapB from Rhodobacter sphaeroides (Arnoux et al., 2003)
and Cupriavidus necator (Coelho et al., 2011), possibly indicat-
ing somewhat different interactions with other subunits within
the enzyme complex, but with conservation of the two heme
¢ binding sites (data not shown). B. azotoformans NapA con-
tains a distinct TAT signal, whereas NapB has an N-terminal
signal sequence, indicating that both proteins are exported to
the periplasm, as expected. NapH and one or both NapG pro-
teins most likely constitute a membrane-bound electron-transfer
module, as has been established for other organisms (Richardson
et al., 2001; Simon et al., 2003; Kern and Simon, 2008). NapH
is a membrane-bound enzyme (with four TMHs) that specifi-
cally oxidizes menaquinol while NapG is a periplasmic adapter
protein that is thought to deliver electrons from menaquinol oxi-
dation (Kern and Simon, 2008). In agreement herewith, NapH
from B. azotoformans is predicted to contain 4 TMHs, whereas
two Cx3CP motifs and the cysteines binding two 4Fe-4S clus-
ters in the periplasmic domain are fully conserved with respect to
the NapH proteins from E. coli and P. denitrificans. Both NapG’s
are shorter than NapG from W. succinogenes (Kern and Simon,
2008), E. coli (YP_002403484.1), or Campylobacter upsaliensis
(ZP_00370550.1) (198 for NapG1 and 189 for NapG2 vs 232-266
aa), lackinga C-terminal part. However, they still contain a 4Fe-4S
binding motif (Kern and Simon, 2008) suggesting functionality
of both copies. As expected for the periplasmic localization of this
iron-sulfur protein, NapG2 (BAZO_15084) has a clear TAT sig-
nal sequence, unlike NapG1 (BAZO_15064). Its absence would
localize NapG1 in the cytoplasm. It is conceivable that the pro-
tein substitutes at this side for NapF found in other organisms.
By the presence of the NapAB and NapGH modules, possibly
assembled as one membrane-bound complex, B. azotoformans
has the disposal of a second quinol-dependent NAR system.
Presently, it is not understood why B. azotoformans as well as
many other microorganisms harbor two dissimilatory reductases.
By its topology and architecture, Nap is not expected to contribute
to the pmf. It has been suggested that a main function of Nap
would be nitrate-dependent regeneration of quinone from quinol
that is produced in concert with the oxidation of the (organic)
substrates (Richardson, 2000). Alternatively, the Nap module and
the dissimilatory nitrite reductase (NrfHA) discussed next, may
provide B. azotoformans with a high-affinity system for N assim-
ilation under low nitrate conditions (Pittman et al., 2007; Kim
et al., 2012).

NITRITE REDUCTION

In general, the one-electron reduction of nitrite to NO is cat-
alyzed by two genetically and biochemically distinct nitrite reduc-
tases, the cytochrome cd; protein (NirS) and copper-containing
NirK. B. azotoformans contains the latter representative (Table 2).
DNRA bacteria possess NrfA as their key enzyme. Assisted
by its redox partner NrfH, NrfA catalyzes the six-electron
reduction of nitrite to ammonium (Simon, 2002; Einsle, 2011;

Simon and Klotz, 2012). NrfHA can also be involved in stress
response to nitric oxide, hydroxylamine, and hydrogen perox-
ide (Kern et al,, 2011). B. azotoformans contains both NrfA
and NrfH. In a similar fashion, the NirB and NirD proteins
catalyze the NAD(P)H-dependent reduction of nitrite to ammo-
nium for nitrogen assimilation (Luque-Almagro et al., 2011),
but homologs of these cannot be detected in the genome of
B. azotoformans.

NirK is encoded by BAZO_03565 and the protein shows
a high degree of identity with known NirKs of which crystal
structures are available (Ellis et al., 2001; Tocheva et al., 2004;
Jacobson et al., 2005; Fukuda et al., 2011). Among the structurally
well characterized proteins, sequence identity (80%) is highest
with NirK (GK0767; YP_146620) from Gram-positive Geobacillus
kaustophilus (Fukuda et al., 2011). BAZO_03565 shares three
characteristic loop regions, with deletions in the “linker loop”
and “tower loop,” as well as an “extra loop.” These features are
typical for the NirK2 family (Boulanger and Murphy, 2002). The
tower loop was suggested to “facilitate a more intimate interac-
tion with the lipid membrane” (Boulanger and Murphy, 2002).
BAZO_03565 is preceded by a Sec signal for protein export,
indicative of a periplasmic localization of the processed protein.
Such localization holds for all NirKs known to date. Quite inter-
estingly, the LipoP program predicts the B. azotoformans protein
to be a lipoprotein. Such covalent binding confirms results by
Suharti and de Vries (2005), who found that nitrite reductase
activity of B. azotoformans NCCB 10003 was exclusively asso-
ciated with the membrane fraction. We may note that NirK
from randomly chosen Gram-positive bacteria [Geobacillus ther-
modenitrificans NG80-2 (GTNG_0650), Geobacillus kaustophilus
HTA-426 (GKO0767), and Geobacillus thermoglucosidasius C56-
YS93 (Geoth_3084)] are also identified as putative lipoproteins.
Suharti and de Vries (2005) proposed NirK from B. azotofor-
mans to be a dual-function enzyme: it could use both menaquinol
and reduced cytochrome ¢ as electron donors. However, it
remained unclear whether menaquinol acted in a direct way, via
a menaquinol oxidizing enzyme, or indirectly via the action of
menaquinol: cytochrome ¢ oxidase (bgf, complex III; see below).
Unfortunately, BAZO_03565 takes an isolated position within the
genome and the gene context does not give a clue about its redox
partners. This is in contrast with observations in the genomes of
closely related denitrifiers Geobacillus thermodenitrificans (Feng
et al., 2007) and G. kaustophilus, in which the nirK is imbed-
ded in a gene cluster with genes encoding NAR and associated
proteins, NOR genes, a nitrate transporter, and several regulatory
genes.

Ammonium-forming nitrite-reducing NrfHA are encoded
by BAZO_03250-03255 (Table2). The nrfHA operon organi-
zation is similar to that described for several bacteria capable
of DNRA such as Campylobacter jejuni, Desulfovibrio vulgaris,
Geobacter sulfurreducens (Simon, 2002), and Desulfitobacterium
hafniense DCB-2 (Kim et al., 2012). NrfA is a periplasmic pen-
taheme ¢ protein in which four cytochromes ¢ are involved
in electron transfer while the fifth one has a catalytic func-
tion. Their presence in the amino acid sequence is charac-
terized by CXXCH (electron transfer) and CXXCK (catalysis)
motifs. BAZO_03255, indeed, shows these motifs and it displays
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also all other sequence features of NrfA proteins of which
crystal structures are available (Bamford et al., 2002; Cunha
et al., 2003; Rodrigues et al., 2006a) (Figure Al). Consistent
with the localization of all known NrfA’s, BAZO_03255 con-
tains an N-terminal signal sequence for protein export. Known
NrfA’s are soluble proteins, but the LipoP program predicts
BAZO_03255 to be a lipoprotein. As far as could be checked,
the lipoprotein nature might also hold for NrfA’s from other
Firmicutes, namely Bacillus selenitireducens MLS10 (Bsel_1305)
and Desulfitobacterium hafniense DCB-2 (Dhaf_4234). NrfH
is a membrane-bound tetraheme cytochrome ¢ belonging to
the NapC/NirT family of menaquinol oxidases (Simon et al,
2000). The comparison with NrfH from the Deltaproteobacterium
Desulfovibrio vulgaris, of which the structure has been resolved
(Rodrigues et al., 2006b, 2008), establishes the conservation in
BAZO_03250 of all relevant amino acids implemented with struc-
turing the N-terminal TMH, quinol binding, and ligation of
the four hemes c. Taken together, our observations indicate that
both NrfA and NrfH are functional proteins in B. azotofor-
mans. As a membrane-bound complex, NrfAH would facilitate in
B. azotoformans menaquinol oxidation coupled with the reduc-
tion of nitrite making ammonium. One may note that both
proteins are rich in heme ¢ molecules. In this respect it is inter-
esting that nrfAH is linked to a gene cluster (ccmEFHABC;
BAZO_03265-BAZ0O_03300) encoding six out of eight proteins
of the System I cytochrome ¢ biogenesis machinery (Kranz et al.,
2009).

It now appears that B. azotoformans has the disposal of two
parallel pathways for nitrite reduction enabling a life style as a
denitrifier and as a DNRA bacterium. It has been argued that den-
itrification is more favorable under carbon limitation, whereas
as nitrate/nitrite ammonification is more attractive under elec-
tron acceptor limitation (Tiedje et al., 1982; Tiedje, 1988). By the
presence of the two, B. azotoformans may benefit from the best
of two worlds. Still, the metabolism leaves us with one puzzle.
One may note that the organism is devoid of the assimilatory
nitrate and nitrite reductases. This would make B. azotoformans
dependent on ammonium as the nitrogen source. Obviously,
ammonium can be produced by the action of the Nar, Nap,
and Nrf systems and even more so, since nrfA in E. coli is
known to be expressed under low nitrate conditions, while NirB
operates at high nitrate concentrations (Wang et al., 2000). So,
B. azotoformans might have adapted to low nitrate/nitrite con-
ditions. The problem, however, is that no gene is found in the
genome of B. azotoformans coding for a known (AmtB-type)
transporter to take periplasmically produced ammonium into
the cell.

NITRIC OXIDE REDUCTION TO NITROUS OXIDE

The product of nitrite reductase NirK, NO, is a very reactive and
toxic free radical compound and a range of known or predicted
but still to be validated enzymes exists to convert it into N,O
(Richardson, 2000; de Vries and Schroder, 2002; Tavares et al.,
2006; Hemp and Gennis, 2008; Watmough et al., 2009; Kraft
et al., 2011; Martinez-Espinosa et al., 2011; Stein, 2011). NORs
fall into two different classes: (1) NorVW flavorubredoxin that is
employed by many organisms for NO detoxification in response

to nitrosative stress from the environment and (2) NORs belong-
ing to the heme-copper oxidase (HCO) superfamily. The enzymes
combine two NO molecules to make N,O by the input of two
electrons. Presently, three types of NORs have been studied in
some detail: (1) cNOR (or NorBC) that uses reduced cytochrome
¢ as the reductant, (2) quinol-dependent qNOR (qNorB), and
(3) qCuaNOR that takes both as electron donors. For cNOR
and gNOR atomic structures are available (Hino et al., 2012;
Matsumoto et al., 2012). Presently, only one qCusNOR has been
purified, notably from Bacillus azotoformans NCCB 10003 that is
closely related to the strain (LMG 95817T) discussed here (Suharti
et al.,, 2001, 2004; Lu et al., 2004). The enzyme was reported
to be composed of two subunits, a small Cua-type subunit and
a large one with two heme b molecules. Although quite well
characterized, the encoding genes remained elusive.

Besides NORs, the HCO superfamily comprises a broad vari-
ety of terminal oxidases (Hemp and Gennis, 2008; Sousa et al.,
2012). The common property is a membrane-bound catalytic
subunit with 12-14 TMHs that bind a heme b (or a) for elec-
tron transfer and a second heme (b3, as, or 03) constituting the
catalytic center together with an iron (Feg in NOR) or a cop-
per ion (Cup in oxidases). Both Fegp and Cup are ligated by
three conserved histidines. Next, two histidines coordinate the
electron-transferring heme, whereas one more histidine serves as
the proximal ligand to the catalytic heme. This histidine sextet is a
signature for HCOs. Oxidases are distinguished by the presence of
a tyrosine near the catalytic side that makes a covalent bond with
one of the histidines binding Cug. In NORs the pertinent tyrosine
is replaced by a glutamate, glutamine, aspartate, or asparagine
(Hemp and Gennis, 2008). Moreover, in certain NOR types one of
the Cug- or Fep-ligating histidines is substituted by an aspartate
(Hemp and Gennis, 2008; Sievert et al., 2008). Besides the cat-
alytic subunit, heme copper oxidases may contain one or more
additional subunits for electron transfer as well as membrane-
spanning polypeptides for structural integrity. Electron transfer
subunits have heme c or copper (Cup)-containing cupredoxins as
redox components. In addition, heme copper oxidases are distin-
guished on the basis of their use of the electron donors for O, or
NO reduction, which can be either reduced cyt ¢ or quinol.

While ¢cNORs are absent in the genome of B. azotoformans,
we could identify two genes coding for gNORs, BAZO_00190,
and BAZO_08916. The preference for quinol-dependent NOR
seems to be a common property of Gram-positive microorgan-
isms. Although BAZO_00190 and BAZO_08916 share only 38%
sequence identity, the comparison of their amino acid sequences
with those of which the functions have been established, including
gqNOR from Geobacillus stearothermophilus having a known crys-
tal structure (Matsumoto et al., 2012) (Figure A2), suggests func-
tionality of both B. azotoformans proteins. Briefly, BAZO_00190
and BAZO_08916 are composed of one subunit in which 13
TMHs surround the catalytic module. A 14th (N-terminal) TMH
precedes a soluble domain facing the periplasm with a heme ¢
fold, but heme c itself is absent. In both proteins amino acids are
conserved binding both heme b molecules, non-heme iron, a spe-
cific calcium atom, the quinol substrate as well as the amino acids
lining a proposed water/proton channel down from cytoplasm
to the catalytic side, hydrophobic amino acids along two other
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putative water channels, and aromatic amino acids that stabilize
that heme ¢ fold of the soluble domain (Figure A2).

cNOR (NorBC) activity depends on ancillary proteins
(NorDEFQ) that tend to be encoded on the same operon as the
structural proteins (Zumft, 2005b), but gNOR can do without
these. Nevertheless, genes norDQ (BAZO_01537; BAZO_01542)
are present in the genome, although not directly linked to
BAZO_00190 and BAZO_08916. This is also the case in genomes
of other Gram-positives harboring the gnorB gene, includ-
ing G. thermodenitrificans NG80-2, G. kaustophilus HTA-426,
Anoxybacillus flavithermus WK1, Bacillus licheniformis ATCC
14580, Oceanobacillus iheyensis HTE831, making it a common
observation among Gram-positives. However, it is difficult to
speculate on their necessity for gNOR functionality in these
organisms, as the precise functions of NorD and NorQ remain to
be established. In addition, the genome of B. azotoformans con-
tains the norA gene (BAZO_04395), also termed dnrA or scdA),
which codes for a putative iron-sulfur cluster repair protein in
response to NO damage (Overton et al., 2008).

Besides the two gNORs, no less than four gene clusters are
found in the genome of B. azotoformans encoding members of
the HCO superfamily that share significant sequence homol-
ogy with cytochrome c-dependent baz oxidase (CbaAB) from
Thermus thermophilus (Figures A3, A4). This is a terminal
oxidase that is structurally and functionally quite well investi-
gated [see amongst others: Soulimane et al. (2000); Fee et al.
(2008); Smirnova et al. (2008); Liu et al. (2012); von Ballmoos

et al. (2012)]. bas-type oxidase receives its electrons for O,
reduction from cyt c. The electrons are transferred via Cup
in subunit II (CbaB), and cyt b in subunit I (CbaA) to the
a3-Cup catalytic center in this subunit. In agreement herewith,
all amino acids that had been structurally assigned to Cup
binding and to electron transfer were conserved in the B. azoto-
formans subunits I (Figure A4). Importantly, the N-terminal
sequence of BAZO_06394 (MHKSEKIWLITLSEGMIMGFM)
is identical to the one of subunit II of qCuaNOR pub-
lished by Suharti et al. (2001). These authors (Suharti et al.,
2004) also presented the N-terminal sequence of the large
subunit (MTKKNTQEVVKEGREGIGTFIGVGIVGAV), but
this was not found in the corresponding subunit I
(BAZO_06399). Rather, the almost identical sequence—
MATTKNTQEVVKEGREGIGTFIGVGIVGAV—was  retrieved
in the adjacent gene (contigd2 104893_105033) (Figure2A).
This gene encodes a small (46 amino acids) membrane-bound
peptide. Hence, it is very well conceivable that this peptide
formed part of the enzyme preparation purified by Suharti et al.
(2001, 2004). The comparison of the amino acid sequence of
subunit I (BAZO_06399) with that of bas from T. thermophilus
revealed that the tyrosine (Y223, T. thermophilus numbering in
Figure A3) covalently binding a Cug-associated histidine (H219)
was substituted by an asparagine in the B. azotoformans protein,
in agreement with predictions made by Hemp and Gennis (2008)
for NOR functionality (Figure A3). These findings identify
BAZO_06394-BAZ0O_06399 as the dual-function quinol and cyt

B. azotoformans

B. bataviensis

C. thermarum

FIGURE 2 | Physical map of qCuasNOR type | (A) and qCus NOR type Il (B)
gene cluster in B. azotoformans LMG 95817, B. bataviensis LMG 218337,
Caldalkalibacillus thermarum TA2.A1, Geobacillus thermodenitrificans

B. azotoformans

B. bataviensis

B

G. thermodenitrificans

NG80-2, and G. kaustophilus HTA426. Arrows show the direction of
transcription. Open reading frames are drawn to scale. Homologous genes
are shown in identical colors.
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c-dependent qCupaNOR described by Suharti et al. (2001, 2004).
We may note that the genes coding for these three subunits
are linked to two other ones, one (BAZO_06404) coding for
a SenC/SCO1-type membrane-bound protein that has been
implemented with the insertion of copper (Cup) into subunit
I, and BAZO_06409 that is predicted to comprise six TMHs
(Figure 2A). In protein databases, homologs of the latter are
found being annotated as cyt ¢ oxidase-associated membrane
proteins. Furthermore, the presence of BAZO_06394-06399
qCusNOR is not restricted to B. azotoformans and B. bataviensis
(see below), but close homologs sharing the same sequential fea-
tures and the same cluster organization are found in various other
Gram-positive bacteria, including Caldalkalibacillus thermarum
TA2, but also in Nitrosomonas eutropha and other nitrifiers
(Figure 2A and data not shown). In N. eutropha the particular
NOR was designated sNOR (Stein et al., 2007). Transcriptome
analysis suggested sNOR as a suitable candidate for aerobic NO
reduction, next to NorBC (Cho et al., 2006).

B. azotoformans likely contains one more novel type of
qCusNOR (type IT) of which the subunits I and II are encoded by
BAZO_04705 and BAZO_04710, respectively (Figure 2B). Again,
subunit II is of the Cup-type and in subunit I the cross-linking
tyrosine is substituted by an asparagine (Figures A3, A4). At
the C-terminal part, the large subunit I is substantially shorter
than in the previous case and in T. thermophilus bas oxidase, yet
with the conservation of all general HCO characteristics. Being
shorter, subunit I is predicted to be structured by 12 TMHs,
instead of 13. In contrast, subunit II contains two N-terminal
TMHs, one more than in BAZO_06394, and subunit II of T. ther-
mophilus bas oxidase. As above, BAZO_04705-04710 are linked
to genes encoding a SenC/SCO1 paralog (BAZO_04700) and
a polypeptide (BAZO_04695) with 4-5 predicted TMHs that
might constitute a third subunit. Again, the presence of the
BAZO_04695-4710 is not restricted to B. azotoformans. Close
homologs, both at the sequence and cluster organization levels,
are found in other Gram-positive bacteria, including G. ther-
modenitrificans NG80-2 (GTNT_1517-1520) and G. kaustophilus
HTA-426 (GK1670-1673) (Figure 2B and data not shown). Quite
remarkably, the gene clusters in both Geobacillus species are asso-
ciated with ones coding for heme o oxygenase (GTNG_1516,
GK1690). This enzyme converts heme o into heme a. This might
imply that that the Geobacillus enzymes would contain heme a
instead of heme b, thereby inventing one more variation on the
NOR theme.

The two remaining bas oxidase-related HCO members
(BAZO_09851-09846, BAZO_10757-10762) are highly related
to one and another. Their large (BAZO_09851, BAZO_10757)
and small subunits (BAZO_09846, BAZO_10762) are 83 and
90% identical, respectively. However lacking the first 31 N-
terminal amino acids, BAZO_10762 is markedly shorter than
BAZO_09846 (128 vs 159 aa). Sequence analyses suggest these
HCOs to be genuine (O;-reducing) oxidases, having a tyrosine
for histidine cross linking. At the sequence levels, the large (I)
and small (II) subunits of both B. azotoformans proteins are 40
and 45% identical to the ones of bas oxidase from T. thermophilus
(Figures A3, A4). The differences in amino acid sequences might
suggest that the large subunits could bind other hemes and/or

differ in the nature of the proton channels. Indeed, sequence iden-
tities of BAZO_09851 and BAZO_10757 are significantly higher
(67%) with respect to the large subunit of bos cytochrome ¢
oxidase isolated from Geobacillus (previously Bacillus) stearother-
mophilus having heme o3 at the catalytic side (Sakamoto et al.,
1997; Nikaido et al., 1998). The latter protein catalyzes O, reduc-
tion with reduced cyt css1, a lipoprotein, as the specific reduc-
tant (Ky = 0.15uM). The bos cytochrome ¢ oxidase actively
pumps protons across the cell membrane during the reaction.
It is not known if quinol can substitute for cyt cs5; as elec-
tron donor. Also here, the genes coding for both B. azotofor-
mans oxidases are linked to ones (BAZO_09841, BAZO_10767)
encoding small membrane-bound polypeptides (46 amino acids)
possibly serving as a third subunit. We may note that close
homologs to BAZO_09851-09841 and BAZO_10757-10767 are
present in G. thermodenitrificans NG80-2 (GTNT_1394-1396)
and G. kaustophilus HTA-426 (GK1546-1548), as well as in many
other Bacillus-related species.

For oxygen respiration, model organism Bacillus subtilis strain
168 has the disposal of four different oxidases, cyt 55 -dependent
caas oxidase, which is preferentially used at high oxygen concen-
trations, and three types that rely on quinol: aas-600 oxidase,
bd oxidase, and a bb’ oxidase (Lauraeus et al., 1991; Azarkina
et al., 1999; Winstedt and von Wachenfeldt, 2000). Apart from
the b(a/o)s-type oxidase discussed before, which seems to be
absent in B. subtilis, the genome of B. azotoformans has the
inventory of two of these. Genes coding for bd oxidase are not
found in B. azotoformans, unlike many other Bacillus species
including B. bataviensis discussed below. Four-subunit quinol-
dependent aa3-600 oxidase encoded by the qoxBACD genes are
represented by the gene products of BAZO_10131-10146 (sub-
unit II, BAZO_10131; subunit I, BAZO_10136; subunit III,
BAZO_10141; subunit IV, BAZO_10146). Amino acid sequences
of the B. azotoformans gene products readily compare those of
established functions. Cyt c-dependent caas oxidase is also com-
posed of four subunits (CtaCDEF). The structural genes are usu-
ally clustered with genes coding for accessory proteins, including
CtaB and CtaA that catalyze the subsequent conversion of heme
b into heme o0 and heme a, and CtaG, a cytochrome ¢ oxidase
assembly factor. The gene cluster organization (ctaABCDEFG)
is conserved in B. azotoformans (BAZO_04065-BAZO_04035).
Furthermore, the individual gene products are well conserved
with respect to the ones of which the function has been estab-
lished. These observations support functionality of both quinol-
dependent aa3-600 (QoxBACD) and of cyt c-dependent caas
oxidase (CtaCDEF) in B. azotoformans.

By exploiting variations on the HCO theme, B. azotofor-
mans harbors a repertoire of four different NO reductases and
four different oxidases that utilize reduced cyt ¢ and/or quinol
as reductants. Obviously, this repertoire and the branching in
electron transfer may lend the organism the metabolic versatil-
ity to cope with large changes in respiratory conditions in the
environment.

NITROUS OXIDE REDUCTION
The last step in the denitrification pathway to dinitrogen gas is
the two-electron reduction of N,O to produce, with the input
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of two protons, N, and water. While the previous steps can be
catalyzed by different types of enzymes, only one exists for N,O
reduction, nitrous oxide reductase (NOS, N,OR, NosZ) [see for
reviews Zumft (1997, 2005a,b); Zumft and Kroneck (2007)]. NOS
is a homodimeric protein with two multinuclear copper cen-
ters. In all organisms investigated thus far, it is located in the
periplasm and in Gram-negative species it is a soluble protein.
For its assembly, NOS depends on a number of accessory proteins
(NosADLYF). Assembly is thought to take place in the cyto-
plasm after which NOS is exported using the TAT translocon. In
Gram-negative bacteria, the TAT signal sequence is unusual long
counting approximately fifty amino acids.

The genome of B. azotoformans encodes no less than five
nos gene clusters, with three clusters including a nosZ gene,
and one orphan nosF (Table2, Figure3A). Gene arrange-
ments differ in every cluster (Figure3A), but they are most
similar to the atypical nos gene cluster (nosCZ-ORF-nosDYF-
ORF) found in the three other Gram-positives available in the
databases with nos genes: Geobacillus thermodenitrificans NG80-
2 (Figure 3B), Desulfitobacterium hafniense T51 (Liu et al., 2008),
and Desulfotomaculum ruminis DSM 2154. Each nosZ gene is con-
sistently preceded by nosC, coding for a cytochrome ¢, which is
predicted (LipoP) to be a lipoprotein with the heme ¢ part facing
the periplasm. NosZ is followed by a conserved hypothetical open
reading frame encoding a membrane protein with four predicted

TMHs. Interestingly, the latter is also the case in W. succinogenes
(Ws0918) (Simon et al., 2004). In W. succinogenes, the two copies
of nosC are located downstream of nosZ and are flanked by nosG
and nosH genes, which are absent in B. azotoformans. NosGH rep-
resent a membrane-bound quinone-oxidizing electron transfer
module, resembling NapGH in the periplasmic NAR (Nap) sys-
tem described above. B. azotoformans also lacks a nosA gene that
codes for a periplasmic accessory protein involved in Cu bind-
ing. However, we note the presence of one of the four senC/SCOI
paralogs upstream of nosC3. As mentioned before, SenC has been
implemented with the insertion of copper (Cua); genes coding
for the other three paralogs are associated with the alternative
NORs. NosL, which is present in three copies in the nos gene clus-
ters (Figure 3A), is a lipoprotein that stoichiometrically binds Cu.
This property suggests NosL to be a copper chaperone for metal-
center assembly (Zumft, 2005a). NosDYF represent a Cu-ABC
transport system with a periplasmic Cu-binding protein (NosD),
a membrane-bound permease (NosY), and a cytoplasmic ATPase
(NosF) that provides the driving force for Cu translocation
(Zumft, 2005a). As can be seen from Figure 3A, nosDYF come in
different arrangements in the genome of B. azotoformans, either
with or not associated with NosZ. Moreover, sequence analysis
reveals marked differences among the individual gene products.
All five nosD gene products have a putative transmembrane helix
at the C-terminus, but only three of these have a predicted

FIGURE 3 | Physical map of the B. azotoformans LMG 95817 (A) and Geobacillus thermodenitrificans NG80-2 (B) nos gene clusters. Arrows show the
direction of transcription. Open reading frames are drawn to scale. Homologous genes are shown in identical colors.
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Sec-signal (NosD1, BAZO_00130; NosD4, BAZO_18066; NosD5,
BAZO_14249), as expected for periplasmic proteins. NosY3 con-
tains a seventh TMH, one more than usual, while significant
insertions without any known domain are found in NosY4 (39
AA at the N-terminus) and NosF1 (49 AA at the C-terminus).
Regardless of these differences, B. azotoformans has the disposal
of a multicopy factory that could supply NosZ, and possibly also
other copper proteins like NirK, with the high demand on copper
(Richardson et al., 2009).

The deduced primary structure of the three B. azotoformans
NosZ proteins (between 76.5 and 83.1% sequence identity) show
all conserved ligands of Cua and Cuy centers that have been iden-
tified in the crystal structures (Figure A5) (Brown et al., 2000;
Paraskevopoulos et al., 2006). Nevertheless, the NosZ sequences
contain insertions and deletions that are shared with nitrous
oxide reductases from other Gram-positive species, likely plac-
ing these in a distinct family. The differences could be related
with domain-specific interactions in Gram-positives and Gram-
negatives with other components of the NosZ system. Another
feature is that the N-terminal sequence in Gram-positive NosZ’s
is shorter (Figure A5). Moreover, SignalP and TatP predic-
tion programs are somewhat ambiguous regarding the presence
of N-terminal leader and TAT signal sequences. For instance,
whereas NosZ1 from B. azotoformans is predicted to have a TAT
leader, yet lacking an N-terminal cleavage side, the opposite holds
for NosZ2 and NosZ3. These differences might point to, even
protein-specific, differences in assembly, and transport. It is con-
ceivable that transport proceeds not only by the TAT—but also by
the Sec translocon. Indeed, it has been described for W. succino-
genes that transport of non-folded NosZ and subsequent Cu inser-
tion results in a fully functional protein (Heikkili et al., 2001).

NosZ from Gram-negative bacteria is, as mentioned, a soluble
protein in the periplasm where it receives its electrons for N,O
reduction from reduced cytochrome c¢. In Gram-positive microor-
ganisms, including B. azotoformans strain NCCB 10003, nitrous
oxide reductase activity appears to be associated with the mem-
brane fraction only [(Suharti and de Vries, 2005), and references
herein]. Considering that the B. azotoformans NosZ gene prod-
ucts do not possess any TMH other than an N-terminal Sec-or
TAT-signal, the conserved ORF encoding the polypeptide with
four TMHs might provide a platform for membrane association.
In addition, B. azotoformans nitrous oxide reductase(s) employ
both cyt ¢ and menaquinol as electron donors (Suharti and de
Vries, 2005). Clearly, the particular lipoprotein cytochromes ¢
that are encoded by the nosC genes might assist in cyt c-dependent
electron transfer, but the role of menaquinol is more puzzling.
Menaquinol could act directly or indirectly, viz. via menaquinol:
cytochrome ¢ oxidoreductase (bc; /bgf complex; see hereafter). A
more direct role presumes the presence of a membrane-bound
quinol oxidase in contact with NosZ. Here, the conserved mem-
brane protein would come to mind. Alternatively, NapGH might
serve such function. Experimental research has to decide between
these or other alternatives.

bcq/bgf COMPLEX OF B. azotoformans
In nitrate/nitrite-respiring Gram-negative bacteria, (mena)
quinol: cytochrome ¢ oxidoreductase (bc; complex) plays a

central role in the energy metabolism. By the complex, quinol
that is produced concomitant to the oxidation of (organic) sub-
strates is re-oxidized with cyt ¢ as electron acceptor. Taking
advantage of the proton-motive Q cycle, quinol:cyt ¢ oxidore-
duction is associated with the pumping of protons (4H*/2e™)
across the cell membrane. Reduced cyt ¢ serves as the reductant
of the nitrate-reducing steps that, in case of a localization in the
periplasm, do not contribute to pmf generation themselves. The
work by the group of de Vries (Suharti et al., 2004; Suharti and de
Vries, 2005) demonstrates that B. azotoformans opts for branched
electron transfer, using both quinols and reduced cyt ¢ for den-
itrification (see also above). While the cyt c-dependent pathway
is energetically more favorable, a direct coupling of the denitri-
fication steps with quinol oxidation could be kinetically more
attractive (Suharti et al., 2004; Suharti and de Vries, 2005). The
former pathway calls for the presence of a bcy/bgf complex in
B. azotoformans, as well as suitable cytochromes ¢ for electron
transfer.

In its simple, canonical form the bc; complex comprises three
subunits: a Rieske-type 2Fe-2S protein and a membrane pro-
tein that binds one heme b and one quinone at the cytoplasmic
face and another heme b and a quinone near the periplasm.
The third component is cyt c¢. In Bacillus subtilis, the organi-
zation of the complex is different, resembling bgf complexes
of Cyanobacteria and chloroplasts (Yu et al., 1995; Yu and Le
Brun, 1998). The Rieske iron sulfur protein (QcrA) is of a gen-
eral type, but the cytochrome b subunit is split into two parts
(QcrA and QcrB). QcrB is homologous to the N-terminal part
and QcrC is to the C-terminal part of common cytochrome b
and of subunit IV of the bgf complex. At its N-terminus, QcrC
is fused to a c-type cytochrome localized in the periplasm. The
particular organization and the related amino acid sequences are
conserved in QcrA (BAZO_09251), QcrB (BAZO_09246), and
QcrC (BAZO_09241) from B. azotoformans (data not shown). We
note the presence in the qcrABC gene cluster of a set of flank-
ing genes coding for membrane-bound proteins (BAZO_09231;
BAZO_09236; BAZO_09261) and for proteins with tetratrico
peptide repeats (TPR) (BAZO_09256; BAZO_09266). Their pres-
ence is conserved in many Bacillus species, including B. batavien-
sis. This observation might suggest bef of these organisms to be
more “complex.”

For electron transfer, B. subtilis has the disposal of only two
small membrane-bound c-type cytochromes: CccB, a cyt css;
lipoprotein, and CccA, a cyt cs50 that is anchored to the mem-
brane by a single C-terminal TMH (Bengtsson et al., 1999). De
Vries and coworkers (Suharti et al., 2004; Suharti and de Vries,
2005) were able to isolate and characterize three different types
of monoheme cytochrome c-type lipoproteins from B. azotofor-
mans, namely cyt ¢s50, cyt 551, and cyt ¢s5;; their encoding genes
were not identified. All three could be reduced in concert with
menaquinol oxidation by the bgf complex. Cyt ¢s51 functioned as
the specific electron donor to qCuaNOR, but it was inactive in
nitrite and in nitrous oxide reduction. In addition, pseudoazurin
or other cupredoxins, the principal electron donors for copper-
containing NirK, appeared to be absent (Suharti and de Vries,
2005). Now looking at the genome of B. azotoformans, we note
the presence of four genes coding for monoheme cyt c-type
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lipoproteins, three of which being linked to the nosZ genes (see
above). This would leave the gene product of the fourth candidate
(BAZO_07449)—indeed annotated as cyt cs5;—as the electron
carrier for qCupNOR. Furthermore, diheme cyt ¢5 is specifically
required for NirK activity in Neisseria meningitides (Deeudom
etal., 2008). The genome of B. azotoformans houses only one gene
encoding a diheme cytochrome ¢ lipoprotein (BAZO_12419)
that consequently might serve nitrite reduction by NirK in this
organism.

GENE INVENTORY OF B. bataviensis

B. bataviensis is capable of denitrification, albeit not to N;
but with the stoichiometric production of N,O from nitrate
[(Verbaendert et al., 2011); Verbaendert et al., unpublished data].
This presumes the presence of the complete denitrification path-
way lacking nitrous oxide reductase (NosZ). A first glance at the
genome of B. bataviensis shows this to be the case. NosZ and its
accessory proteins are absent, but the gene inventory for reduc-
tion of nitrate to N,O is available (Table 3). The more close
inspection reveals a more complicated situation with sets of trun-
cated or degenerated (pseudo)genes that are difficult to reconcile
with full functionality of their gene products. In addition, we
note quite interesting differences in the denitrification potentials
between B. bataviensis and B. azotoformans.

For cytoplasmic dissimilatory nitrate reduction to nitrite,
the genome of B. bataviensis contains one narGHJI gene
cluster (BABA_18582-18597) with two linked NarK copies
(BABA_18532, BABA_18537) in close vicinity (Figure 1A). The
NarG, H, J, and I proteins display all conserved features, indicat-
ing that NAR is the active NAR in B. bataviensis. This has to be
the case since the organism is devoid of the alternative, periplas-
mic NAR system (NAP). Indeed, none of the nap genes are found
in the genome, except a putative napH (BABA_14547). Its gene
product (153 aa) is significantly shorter than NapH (~300 AA)
with an established function (Simon et al., 2003; Kern and Simon,
2008), thereby lacking all cysteines for the binding of iron sul-
fur clusters. Rather, InterProScan suggests BABA_14547 to be an
FMN-binding protein.

For dissimilatory reduction of nitrite to NO, again only one
candidate is present, a nirK gene that is designated as a pseudo-
gene (BABA_p06582) by the presence of an apparent interspers-
ing stop codon. However, by the correction for a single non-sense
mutation (A—C at position 38028 of contig 42), the DNA sequence
translates into an amino acid sequence that is 79.8% identical to
NirK from B. azotoformans, differing only three amino acids in
length. Moreover, by this substitution all features would be con-
served that are related with the binding of the catalytic copper
atoms and with the characteristic secondary structural elements
of NirK2 family proteins (see above). Again bearing in mind that
B. bataviensis is capable of nitrite reduction to NO, we anticipate
that this pseudogene, caused by a single non-sense mutation, is
probably the result of a sequencing artifact (although base calling
was unambiguous). Proteome analysis should confirm this expec-
tation. Like B. azotoformans, B. bataviensis is proposed to carry
out also dissimilatory nitrate reduction to ammonia (Table 3).
The nrfHA gene products (BAZO_17652-17657) meet all criteria
described above for functionality (see Figure Al). The question

is under which conditions the genes are expressed, taking into
account that during standard denitrifying growth nitrate is quan-
titatively reduced to N,O.

Contrary to B. azotoformans, B. bataviensis seems to have
the genetic potential for assimilatory nitrate and nitrite reduc-
tion to ammonium. The gene inventory is made up by nasC
(BABA_16882) and nirDB (nasGB) (BABA_00910-00915) cod-
ing for assimilatory nitrate and nitrite reductase, respectively.
Mechanistically, the process could be somewhat different from
the one investigated thus far. In many microorganims, nasC and
nirDB (nasGB) are localized on the same operon together with
NarK-type transporters and regulatory proteins (Luque-Almagro
et al., 2011). In P. denitrificans NasC and NasGB presumably
function as one protein complex (Gates et al., 2011). Herein,
NasB (NirB) binds NADH that serves as the reductant for both
the six-electron reduction of nitrite to ammonia (by NasB) and
the two-electron reduction of nitrate to nitrite (by NasC). The
Rieske-type 2Fe-2S protein NasG (NirD) intermediates electron
transfer between both catalytic subunits. In B. bataviensis nasC
and nirBD are found in different parts of the genome and are
not linked to NarK-type transporters. We note, however, the pres-
ence in the nirBD cluster of three genes (BABA_00890-00905)
encoding key enzymes for the synthesis of sirohydrochlorin, the
prosthetic group of NirB. NasC and NirB are highly similar to
the respective proteins of which the function has been estab-
lished, albeit with a notable difference. NasC (729 AA) from
B. bataviensis is shorter than the protein from, for instance, P. den-
itrificans (870 AA) and it lacks at its C-terminal part a number
of cysteines that might bind an iron-sulfur cluster. However, this
difference is shared with many other Gram-positive microorgan-
isms. Although B. bataviensis NirD is 44—57% identical to NirDs
from other Bacillus-related species, there is one important dis-
tinction: in the former two key amino acids (cysteine, histidine)
are substituted that are involved in the binding of the 2Fe-2S
cluster. In contrast, nasC is linked with two genes coding for a
hybrid iron sulfur protein (HCP) (BABA_16877) and for another
Rieske-type 2Fe-2S protein (BABA_16872). The particular prop-
erties are consistently shared with other species, like Bacillus sp.
INLA3E, suggesting an alternative, yet functional assimilatory
nitrate/nitrite reductase system in B. bataviensis. For the uptake
of nitrate, the genome of B. bataviensis contains four narK copies,
unlike B. azotoformans that has only one. Two of these (NarK2,
BABA18537; NarK3, BABA_18532) were already encountered in
connection with dissimilatory NAR. They belong to the NarK2
family of nitrate:nitrite antiporters, facilitating the uptake of
nitrate and the export of toxic nitrite. NarK1 (BABA_15587)
and NarK4 (BABA_18532) are affiliated with the NarK1 family
of (high-affinity) nitrate:proton symporters, which would make
these proteins attractive candidates to serve N-assimilation. In
contrast again to B. azotoformans, a gene is present in the genome
of B. bataviensis (BABA_17227) coding for an AmtB-type of
ammonium transporter.

Regarding NO reduction to N, O and the role therein of HCO
proteins, the genome picture is ambiguous. B. bataviensis contains
two copies of gnorB and three HCO copies related to cytochrome
c-dependent bas oxidase (cbaAB) from Thermus thermophilus
(Table 3). One gnorB is a pseudogene (BABA_p08977), with
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two frame shifts, either resulting from actual point mutations
or sequencing errors (although base calling was unambiguous).
When the gene sequence was altered manually at both positions
(changing T into C at position contig55_76292 and A into G
at position contig55_76206), the resulting amino acid sequence
became highly similar to qNorB sequences from Geobacillus and
Bacillus strains (AA sequence identity, 79-83%). However, it
still contained a 217-AA deletion near the C-terminus (from
position 464 to 760 in G. thermodenitrificans numbering; see
Figure A2) comprising only 8 out of 14 TMHs and lacking five
out of six conserved histidine residues. Also the other gnorB gene
(BABA_17212) is truncated. It is devoid of 273 N-terminal and
approximately 150 C-terminal amino acids, again spanning only
8 TMHs. Thus, it seems that both qNorBs are corrupted and
inactive. Sequence analysis addresses two of the three bas-type
oxidases (CbaAB) (BABA_00225-00230, BABA_18502-18497) to
the alternative NORs (Figures A3, A4). However, subunit II of the
latter one (BABA_18497) lacks approximately 30 amino acids at
its C-terminus, including the ones involved in binding of Cuy.
In addition, BABA_18502-18497 are not linked to genes cod-
ing for the proposed membrane-bound subunit III and for a
SenC/SCOI1 protein for Cuy insertion. These observations would
overrule a role for cyt ¢ as an electron donor, although a function
as such for quinol is still feasible. Subunits I (BABA_00225) and
II (BABA_00230) of the second candidate are 70 and 79% iden-
tical to the respective subunits of BAZO_06399-006394 that has
been identified above as qCuaNOR (sNOR) (Figures 2, A3, A4).
Furthermore, the N terminus of subunit II is quite similar to the
one determined by Suharti et al. (2004), having only three mis-
matches. In full agreement with BAZO_06399-06394, the genes of
the B. bataviensis are linked to ones encoding a small membrane-
bound polypeptide (46 amino acids), another membrane protein
(BABA_00215) with 6 TMHs and a SenC/SCO1-type protein
(BABA_00220) (Table 3; Figure 2). Unlike BAZO_06399-006394
and all its other relatives, the B. bataviensis gene cluster is
associated with a gene coding for heme o synthetase (ctaB;
BABA_00235). This might imply that the particular B. bataviensis
HCO contains cyt 03 at its catalytic side. Nevertheless, the striking
resemblance regarding amino acid sequences and the organiza-
tion of the gene cluster highly suggest BABA_00225-00230 and
its associated small membrane subunit to be a menaquinol/cyt
c-dependent NOR.

The third bas-type (CbaAB) HCO (BABA_08951-08956)
is most likely an oxidase, as deduced from its amino acid
sequence having the crosslinking tyrosine (Figure A3). It is one
of the four oxidases that are detected in the genome. Like in
B. azotoformans, oxygen respiration may be mediated by quinol-
dependent dependent aa3-600 oxidase encoded by the qoxBACD
genes (BABA_05106-05091) and by cyt c-dependent caas; oxi-
dase (CtaCDEF). In agreement with other organisms, structural
genes form part of a larger cluster (ctaABCDEFG) (BABA_16147-
16177) that includes the ctaA and ctaB genes encoding cyt a and
cyt o biosynthesis proteins. A sequence comparison of the gene
products just mentioned with those of verified proteins indicates
aa3-600 oxidase and cyt c-dependent caas oxidase to be func-
tional (data not shown). Besides these three, we find conserved
genes encoding the alternative quinol-dependent cytochrome bd
oxidase (CydAB, BABA_01890-01895). CydAB is an oxidase that

is found in many microorganisms and that, because of its high
affinity for oxygen, (Borisov et al., 2011) is expressed under O,
limitation. B. azotoformans does not contain this oxidase. By the
availability of the four different oxidases, B. bataviensis would
have the potential to aerobically respire under a wide range of
oxygen concentrations. However, the organism seems to be more
limited in nitrate respiration as compared to B. azotoformans.

CONCLUDING REMARKS

Above, we made a comprehensive analysis of the functional den-
itrification gene inventory of two Bacillus species. Our results
are schematically presented in Figure4. Our exploration came
with quite some surprises, we detected potential new enzymes,
supported previous suggestions and raised interesting questions
that need experimental answers, which we briefly would like to
summarize.

’ g

NO;- > NH,*
NO
L avort JL oxort J
L avorz JL o2
N,0
L Noszi JL Nosz3 4
L Nosz2
N,
B
- BB

,0

FIGURE 4 | Pathways and functional gene inventories for
denitrification and ammonification in B. azotoformans LMG 95817 (A)
and B. bataviensis LMG 218337 (B). Black ovals indicate predicted
functional enzymes, gray ovals likely functional enzymes and white ovals
pseudogenes or corrupted enzymes. NAR, cytoplasmic dissimilatory nitrate
reductase; NAR periplasmic dissimilatory nitrate reductase; NasC,
assimilatory nitrate reductase; NrfHA, dissimilatory nitrite reductase to
ammonium; NirBD, assimilatory nitrite reductase; NirK, periplasmic nitrite
reductase to nitric oxide; gNor, dissimilatory quinol-dependent nitric oxide
reductase; sNor, dissimilatory menaquinol/cyt c-dependent nitric oxide
reductase; NosZ, dissimilatory nitrous oxide reductase. See text for more
explanations.
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A first surprise was that B. azotoformans, a well-known denitri-
fier, and B. bataviensis that is less well understood in this respect,
are both capable of denitrification and dissimilatory ammonifi-
cation (DNRA). Especially, B. azotoformans that makes N, as the
end product of nitrate denitrification has a large arsenal of appar-
ently redundant enzymes, but that most likely would enable the
organism to thrive under highly variable environmental condi-
tions. The N, O-producing B. bataviensis is much more restricted
in this. We note the presence of various pseudogenes that could
be relicts of earlier times or situations in which this microorgan-
ism could be more dependent on anaerobic nitrate respiration.
Striking is the way both Bacillus species took advantage of the
opportunities of heme copper oxidases for NO and O, reduc-
tion. Our analysis permitted the identification of the genes coding
for bi-functional qCupaNOR purified and characterized before
Suharti et al. (2001, 2004). Yet, we could detect other related novel
enzymes that either reduce NO or O,, but that still need to be
validated by biochemical research.

Gram-positive microorganisms typically have limited space in
their periplasm, which might pose specific demands on the way
denitrification processes are structured in the periplasm. Suharti
and de Vries (2005) already noticed that virtually all denitri-
fying partial reactions in B. azotoformans strain NCCB 10003
were associated with the cell membrane. Our genome analyses
support their observations. All enzymes appear to be membrane-
bound, either by TMHs at catalytic enzymes themselves, through
association with membrane-bound partners or by covalent bind-
ing to lipids (NirK, NosZ). Membrane association most likely
requires specific structural and architectural adaptations that are

reflected in amino acid sequences. In agreement herewith, we
note that the denitrification enzymes discussed often form part of
(sub)families that are specific for Gram-positive microorganisms.
Another aspect that relates to the membrane-bound character is
energy metabolism. As pointed out again by De Vries and his
coworkers (Suharti et al., 2004; Suharti and de Vries, 2005), all
reactions tested used menaquinol as the reductant. Our analy-
ses confirm these findings. However, also cyt ¢ could be utilized
as the reductant. This branched electron transfer adds to the
metabolic flexibility. The use of (mena)quinol may allow reac-
tions to proceed at high rates, also under conditions of substrate
limitation. The use of reduced cytochrome(s) produced through
quinol oxidation by the bc; /bef complex is energetically more
favorable.

All in all, our analyses suggest an astonishing versatility in
denitrification opportunities, especially for B. azotoformans. The
important question is, if and under which environmental condi-
tions the different (partial) processes are expressed. An answer to
this needs experimental research.
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APPENDIX

BAZO 03255 MEYNMNSLKRALLLAVVAIFALATIMAACG-AKDTKNGSASEPIDTGLPADTISNEAFKDL 59
BABA 17657 -——-MGRFRYGAYLFLLAL--MLIITGCGNDSSDKTATAAGKKTTGLSADEISNEAFKDI 54
Bs -——-MKQVRSSRYLLILMMIFSIGLAACS---GEEESQAGTTDTTSIPPDEIVNTAFKDE 53
Dv.  mmmmmmmm e AGCS---DVSTELKTPVYKTKLTAEEIRNSAFKPE 32
Dd -—--MNKRIVTTALALATLLGVALLSGCQ---DVSTELKAPKYKTGIAETETKMSAFKGQ 53
BAZO 03255 FPLQYESFNAT-KDMSDTKYGGSVPTSKFD——————-—— QSKEPLLPILFNGYGFALEYN 109
BABA 17657 FPLQYNSYKKN-EKMEDTKYGGSVKRSKYD—————=—--—— PDKEPLLPILFNGYGFATEYN 104
Bs FPLHYESYLKN-AEKSNP-—-—---— PGSKFV-==—=——-—— TDIEPNLPMLFHNYGEFMLEYN 97
Dv FPKQYASYERNDETTVMTEYKGSVPEFNKNDNVNPLPEGYRHAQPYLKNLWLGYPFMYEYR 92
Dd FPOQYASYMKNNEDRIMTDYKGSVPYHKNDNVNPLPKGFKHAQPYLKNLWLGYPFMYEYN 113
BAZO 03255 162
BABA 17657 155
Bs 148
Dv 148
Dd 171
BAZO 03255 210
BABA 17657 203
Bs 208
Dv 194
Dd 219
BAZO 03255 261
BABA 17657 254
Bs 259
Dv LPRNEMRALV[MeEO®:EVEYYFNGPTMGVNKKPVFPWAEGFDPADMYRYYDKHGDLQVKGFE 254
Dd MSRNEKRTLV[@INO[®:VEYYFTHKDNGPAAKPVFPWDNGENPEDMYQYYKGHGAKGPDGKP 279
BAZO 03255 GFKSDWQHNISGAPMLKAQHPEFETVSTGTHGKNGV S[@A@EMPYERSDGKKKVSSHNWT 321
BABA 17657 GFEKDWVSNISGAPMLKAQHPEFETHLSGTHGKANV S[@AB@EMPYERVDGKRKITSHWWT 314
Bs NEDYDWVHSISGAPMIKAQHPEFEMWSYGPHGEAGV S[@:BI®EIMPYERTDGAKKVTSHHWT 319
Dv GKFADWTHPASKTPMIKAQHPEYETWINGTHGAAGVT([@A@:ENMSYTRSDDKKKISSHWWT 314
Dd GPEFVDWVHAASKVPMIKMOHPEYETFQDGPHGAAGV S[@AI@ENMOYVR-EDGKKISSHWMT 338
BAZO 03255 SPLKNIEA-S@NGEIADKTAEELKNNVESTIQDTHKDALDKAEEISVSSHYYVNKMITAKA 380
BABA 17657 SPLKTMQT - S[{elelol®:IGDRDL.DKLKDRVYETQDANVKGLHDAQDISTSAHYYVNRMITSGV 373
Bs SPMDNMON - T{3MN[@E|S DKTEKQMRDRVDATQDRHIEAMHETQWHSVRAHYFVNRMITAGA 378
Dv SPMKDPEMRAGINO®EISDKTPDYLKSRVLFTQKRTFDLLLAAQEVSVKAHEAVRLANEYQG 374
Dd SPMKDPEMRAGINOIGEIADKTGEYLRQRVLY TQOKTFDQLLKAQEMSVKAHEAVRLANAYEG 398
BAZO_O3255 PAAK-—-—- IAEAQELVRKAQWEFWDIIAAENSTGFHNPQGAMDSLKMSSEYSSEAIILAT 435
BABA_17657 SADK-—-—-—-— IKDAQEFVRRGQWFWDIIAAENSSGFHNPQGSMDSLRISIEQSNKAIRLAT 428
Bs DEEK----— IEEAQYYIRKGOWFWDITIAAENSDGFHNPQGGADSMRTSSDASNKAIEIAV 433
Dv AKAAGYDDLMIQAREMVRKGQFFWDYVSAENSVGFHNPAKALDTLAQSQQFSQKAIDLAM 434
Dd HRAANYEALMAEAREMVRKGQLFWDYVSAENSVGFHNPAKALDTLMTSMECSQKAVDLAT 458
BAZO 03255 EELVK----- LGVNVDELKAEIEKATKAVLAETDNFKKKDH-ATNTFFPAQQPP-AAPAK 488
BABA 17657 EELVK----- KGVNMEELDQEIEKAKKAVADEKVNEKKKDQ-AVNSYFPAQAPVVAAPPK 482
Bs SELAK----- LGEDLDELERQIEETMENVYNEGDPHEKHTH-AVNEYFPNVLELDE---- 483
Dv EATQYGIGKDLSGDIKTIVPPILKMNRKLQQDPEFMKTHKWEFQYLPVLPKADQVWDGQKR 494
DA EATDFGIAPALAGDIKKLVPPILTLSRKLQQODPEFLKONPWTRLLPALPKAEQVWEGQDR 518
BAZO 03255 K-———- 489
BABA 17657 K-———- 483
Bs === =—=
Dv LVSAKQ 500
Dd A-—--—— 519

FIGURE A1 | Multiple sequence alignment of NrfA from printed in blue, distal heme-ligating histidines for hemes 26 are printed in

B. azotoformans LMG 95817, B. bataviensis LMG 218337, and other red [according to Einsle et al. (2000)]. Bs, Bacillus selenitireducens MLS10

bacteria. Heme-binding motifs are highlighted in red (white lettering), the (Bsel_1305); Dv, Desulfovibrio vulgaris DP4 (PDB 2J7A); Dd, Desulfovibrio

lysine at the catalytic heme is highlighted in green, active site residues are desulfuricans (PDB 10AH_A). PDB, protein database accession number.
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BAZO_ 10757 RELGATGIFGWWKKLPWKDARFLAPFLGMLLFIPGGAGGIVNASHOMNQVVEINTIWIT 373
BABA 00225 RKQGGKGLIGWYKKMPWGDVRFLAPMIAMIAFIPAGAGGTIAQSTNQUEBOVV|EINTMWI V! 385
BABA 08956 RSKGATGLFGWFKVLPWGDARFIVPFIGMASFIPAGAGGIINAINQ QVVENTIWIT 377
BABA 18502 RS-————————-——- AVKWDFASSMM-FLAMFGWVAGAVPAIIDATIVVNHVMENTKWVP 373
Tthermo subI A.\/IL MGSLYWLLPNLTGKPISDAQRRLGLAVVWLWFLGMMIMAVGLHWAGL 430
GTNG_1394 TVATTVVLEFFGASYWLIPHLTGRVLTKAMNRLAIIQTIVWAVGMTFMSGSMHFAGL 434
GTNG_1518 YMGVGAVSMLFGFMYYFIRGNE----RKIG-YADMVSFWVYTVFFLSLCGTFLLSGK 424
BAZO 04705 YMGIGAVAMIFGFMYYVLKVEG----LKMSSYLDKLSFWVYLLFFAGLTFSFLYSGK 432
BAZO_ 06399 TLGMSVVMIFFGVSYWLIPHVSKRILTPAMNKLGVFQTILWTIGMVIMSEFSMHYIGL 452
BAZO 09851 TVGSAV. FEGVAFWIVPSITGRTLTPKVNKLGLIQTWLWTIGMLFMSGAMHTAGL 433
BAZO 10757 TV. CALTFFGITFWMVPSITGRKLTEKMNKVALAQTWLWT IGMVFMSASMHAAGL 433
BABA 00225 TLGMSVVMEFFGISYWLVPYISKRVLTPQINRLGVIQTWIWTIGMIFMSGAMHAVGL 445
BABA 08956 TAATSVVLEFFGISYWLVPHLTGRKLTKAMNKLGIIQAWVWEIGMVEFMSGSMHIQGL 437
BABA 18502 TYMGMGVVAMIFGFMYYFNKTEG----SQRQTGLDKFAISIYFFFFSGIAGSFLYAGK 429
Tthermo subIl AYIAQVPDAYPHAAVP--MVFNVLAGIVLLVALLLFIYGLFSVLLSRERKPEL 487
GTNG_1394 SAFSTYGNSPQALEWIPYQIAQAVGGTILFIGIILMLVIVINLAFFAPK-—-- 489
GTNG_1518 VS-APBAWAVHFP---——-—— EWVPYDRMGAVFAVVIIAAVTIVFLYRFF-——-—-——-——-—-—-— 464
BAZO 04705 WSQHFP-—————— EWVPADQLGAVAAIGIIFATSVFIIRFA--—-————————— 472
BAZO_ 06399 PRT SYTTYFDHPMALSWDPWMLAVGIGAVLLFTAVCIQVFAAFNLMFFAPK---- 508
BAZO 09851 YG-APRASAFSTYAGNEDTLAWIPYQIAQAVGGTFLFLGALLMVYIFVYLAFYAPK---- 488
BAZO 10757 FG-APRBISAFSTYAGNEDSLAWIPYQIAQAVGGTILFLGALLMVVIFINLAFFAPK---- 488
BABA 00225 X SFTTYGDNATALSWNPYLLCLAVGGTLLIIGVLLQVYAVINMMFFAPK---- 500
BABA 08956 SAFSTYGGAKQAAEWIPYQIAQAVGGSILFLGIILVLITIFVNLAFFAPK---— 492
BABA 18502 WAEHLP--—---—- EWTGSDQVGAICGIFVIVAAIIFTTRFF-——-——-——-——-- 469
Tthermo_ subI AEAPLPFAEVISG RLVLAMDRIGFWFAVAAILVVLAYGPTLVQLFGHLNP-VPGWR 546
GTNG_ 1394 GETEFPVAEAATPOI--RVVLVFENWKLWIGIVVALILIAYTVPLIDITIQNAPPGSKGYK 547
GTNG_1518 -VSVIIVQAKON-I#VGPRA--—-————————————————————————————————————— 482
BAZO_04705 -VSAKQIGTQKDEKETKEKLYA-—-—————-—————————————————————————————— 493
BAZO 06399 GVTEFPIGEPQSDDE--KTPYWTERWGIWVVLMIITIAMAYTVPLVEMIVNGPPGSPPFK 566
BAZO_09851 GETEFPVGEVHDQAR--KVPAVFENFKLWVAITFALVLFAYTIPFIDMIQNAPPGSPGYT 546
BAZO_ 10757 GEEEFPIGEVHEKA--KVPAIFDNFKVWIAVTFTLILFAYTIPFIDMIQNAPPGSPGEFT 546
BABA 00225 GDTEFPIAEEEENAT--KTPYWTERWGMWIVVMLLVVAMAYVIPLSEFIVNAPPGSPPFK 558
BABA 08956 EEEEFPVAEAENMGE——KAPMVFENWKLWLGITAALILFAYTIPFIDIIQNAPPGSKGFQ 550
BABA 18502 —IGLKNVGKQTEQKSLKSVS-——=-=-—————-—————————————————————————————— 488
Tthermo_subl LW---- 548

GTNG_1394 LW---- 549

GTING_1518  -——----

BAZO_04705  ------

BAZO_06399 TW---- 568

BAZO 09851 NVIGRQ 552

BAZO 10757 NVIGRQ 552

BABA 00225 TW---- 560

BABA 08956 TWSKW- 555

BABA 18502 = ------

FIGURE A3 | Multiple sequence alignment of CbaA from

B. azotoformans LMG 95817, B. bataviensis LMG 218337,
Geobacillus thermodenitrificans NG80-2 (GTNG_1394; GTNG_1518),
and. T thermophilus (PDB 3EH3). Amino acids involved in the binding of

heme b, heme bz, and Cug/Feg are highlighted in red, residues forming
D-water channel in blue, residues forming Q-water channel in green,
crosslinking tyrosine in oxidases in dark green, residues related with
electron transfer in purple. PDB, protein database accession number.
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BABA 18497

Tthermo subII

GTNG 1395

GTNG_1517

BAZO 04710
BAZO_ 06394
BAZO_09846
BAZO_ 10762
BABA 08951
BABA 18497

Tthermo subII

GTNG_1395
GTING 1517

BAZO 04710
BAZO 06394
BAZO 09846
BAZO 10762
BABA_08951
BABA 18497

————————————— DOHKAHKAILAYEKGWLAFSLAMLFVFIALIAYTLATHTAGVIPAGK 47
——————————————— MHIHK----YEKIWLTFGIGCLVVFLTVVG--VSAFAAGQQPPSC 39
MPYSETILTREKGEWIAMYQQAAWVISVVEFILFVIFVFLYVVAHSGORSEYEPIQKKGYR 60
————————————————— MYQQAAWFTTIIFIAGIIGVEVYVLINSSQKEEYASVKHKGHT 43
————————————————— MHK----SEKIWLTLSFGMIMGFMILTG--YQAFALGMGTPSG 37
——————————————— MHMHK----YEKLWLLFGITTLLVFTITIG--VSAFYMGNQPPSC 39
———————————————————————————————————————————————————— MGNQPPSC 8
—————————————— MMHMHK----LEKIWLTFGISCLVIFLAVIG--VSAFYLGNKPPSC 40
————————————————— MYQSTIAWYATLFEFVELIALAFSEVYGESRKLREYGPIQEKGYK 43
LERVDPTTVRQEGPWA-—---——— DPAQAVVQTGPN-QYTVYVLAFAEGYOQP---NPIEVP 96
LTTIDPEKVDTTPPFD-—---——— QPGLVKK--GEN-EYELNIVVAABSFTP---NAIEIP 86
IRNVWFLVVIAAMGLATFYTLRDLPFE--RPAHAADPTVVQVEARQEGEFVL---SRNEFR 115
VOKFYFLGLIVVLGIATTITLODLPFD--RAKAQENQIEVDATAMOEAFEL---SQONEFK 98
QTTLDPQKVDQTAPFD--—-———— KPGVTQI--GEN-EYEVVMTLQIBSFTP---NKLEFP 84
LVTVDPANVDTTAPFD--————— QOPGLKQV--GDN-QYELIVVASAENYDVGPEKVIQVP 89
LVTVDPTKLDTTAPFD-—-—-——— QPGLKQV--GEK-DYELVIVASAENYDVGPEKVIQVP 58
LTTINPEKVDETKPFD-—--—-——— KPGLHKVE-GKDWDYELVYVAAABSYSP---AKVEVP 89
IRKFYFLGLLAVMGFASAISLSKLPYHNQHVLAKEDGKIVDVTGMOBAWEL---SDENFT 100
QGAEIVFKITSP GFHVEGTNINVEVLPGEVSTVRI————TFKRPGEYRIICNQYCG 152
KGAKVTINVTSK GFQIPGTNINMMVEPGYVNSLTA--—--TFDEPGEYTIL@NIHY[@G 142
VGEPIAFQVTS GVGIYDENMELLAQTQAMPKYTNTMYYTFEKPGTYQVL@LIHY@®G 175
VGQPIVENVTSK GFGIYDDNMQIVAQTQAMPEYTNPVYVTFKKPGTYKVLELIHY@®G 158
AGSTVHFKLTSK GFEVAGTNLNAMVMPGYVQEITQ----KFDKPGDYLVL@NIHY@®G 140
VGSTINFIGTTK GFEVAGSNANMMLEPGYINTVEA-—-—--TFNKPGKYTIV@NIHY@G 145
VGSKINFIGTTK GFEVAGTNANMMLEPGYINTVET----TFNKPGKYTIV@NIHYEG 114
LGAKVKVIATTK GFEMAGTNVNMMLEPGYVSEYTT----TFDKAGEYLIV@NI}Y@®G 145
VGEPVQFRVTSK| GEFGLYNPKMELIAQTQAMPGYKT-—-—-——-—-———=——————————— 139
LGRIONMFGTIVVKE-———-—-— 166

AGKBHMMTARIKVVE-—-—-———— 156

IGEHVMTATITVVPSQEGEGK 196

IABHVUOATITVIE-—--———— 172

AGBEIOLMSTTITVK--—-—-———- 153

LGRHLMFATLEVVE-———-—-— 159

LGRHLMFATVEVVE-———-—— 128

AGEHLMSSMIEVVK-—————— 159

FIGURE A4 | Multiple sequence alignment of CbaB from
B. azotoformans LMG 95817, B. bataviensis LMG 218337, Geobacillus
thermodenitrificans NG80-2 (GTNG_1395; GTNG_1517), and

T. thermophilus (PDB 3EH3). Contact site residues are highlighted in gray,
residues for Cup-binding in red, and residues for electron transport in pink.
PDB, protein database accession number.

Frontiers in Microbiology | Evolutionary and Genomic Microbiology

October 2012 | Volume 3 | Article 371 | 26


http://www.frontiersin.org/Evolutionary_and_Genomic_Microbiology
http://www.frontiersin.org/Evolutionary_and_Genomic_Microbiology
http://www.frontiersin.org/Evolutionary_and_Genomic_Microbiology/archive

Denitrification and ammonification in Bacillus

Heylen and Keltjens

uieloid ‘gad

8108G0WOILOY Oy ‘(XML 9Ad) ELb INSQ Suedyuiusp Snooodeied ‘Pd ‘(8ZGLTNIS8Q)
YGLZ INSQ Stuwni wnnoewoloynsed 1d ‘(L9Z0ASA) LGL esusjufey wnueloeqolynsed "ya
‘(¥ELLTONLD) Z-0SDN SUBDYLIUSPOWIBY} SNJIOBqOdD 1D "aN|q Ul 8BeAesld [euilLIsl-N ‘Pal Ul

966
8G9
119
374°)
189
S€ES
€€§
6€S
8€S

1847
1547
433
(4474
3414
92v
Ley
(0197
(3474

€ee
vee
L8¢C
vee
LEE
91¢
6T€
0ze
6T¢

Tce
9¢c
6LT
0ze
€ce
{44
S0¢
90z
S0¢

Joguinu UOISS8J0e dSeqelep paluud ale seousnbes || ‘[(00Z) ‘|B 10 uowis O} Buiploooe] Ajeanoadsel ‘uesib pue yuid

(d9SE 9ad) Mezims seuowopnasd ‘sd (AMLZ 9ad) €L0L S815e/20j0A0 ul spuefl| Uol epLOJYO PUB WOIE WNIDED 'UMOIQ Ul Senpisal aulpisiy paAlasuod Ajended
‘AjoAnjoadsal asionbinl pue ‘MoOj|eA ul Jolusd Yn) eyl O spuebi| Joylo pue aulelsAd len|q
dep ul pawybiybly ele 4eusd Zn) oyl JO Sspuebl| auIpiAsSIy PaAISSUO) ‘eMdldeq JaYylo pue
11856 DINT suewuojojoze ‘g woly Zsol jo juswubije ssusnbass sjdyny v | Sv 3HNOIA

8€9 --YATANWIOAWINHTYHOIMSDAZAMHTOANAYAILISSLO0d S TANSADHNAANAIOHSACEIIOAINL I LALATADOMALITOA-~~~
279 UOMdIAIWNIDININHTYHOIMODAAMAADINYYALLASS LOOdDATNYADHNONLADHLTAAIZAINIATAIAZADINALISAO -~~~
G6G VEMdIATNEOIWNINHTYHOIMOD AAMAADINYYAILASSINOdD I ANYAD ANONILADHITAAIZATINIATALAZADIIALISEI -~~~
Z€9 TOMAMATIAMOOWIOHTYSDANLOAIJAADVNAVAITANI LHDJOVIYNTAXATOIDADHLIATAIALINLTAMIAHADANATAHAd ~~~~
€9 -OMAMATTIOOWIOHTYSDINIDAXIIADIMIVYIATINOLEIDAOSHINTARINIOTOHLIAEATAINLIAAI IAHADINAIIOAd ~~~~
229 -OMaAMATIXADIWIOHTYSDANLDATIALOANAVIATI INLODJOT ENNINAONI VADHLIATAIATINITHAAANADINATIAQIINYN
919 -MMIMATNADOWIOHTYSOANLIDXAdIADINAYMANI LNLODAOATANIAATINIDAOHLIAOATAINLTHILAZADINAMIEAd -~~~
979 -OMAIATTAONWIOHTVYSOANIOATIALOVIAYIAININLIODIOATANTAASNIDADHLIAOATAINLTHIAAMADAMAHIAGTIHVY
GZ9 -NMIMATTIAONWIOHTYSOANIDATAALOVIAYIANI LELODAOATANTAANNIVAOHLIAOAAAINLTHIIATADINATIAQIIISH

——-9IVdYNS INAAIANNDAEIANMNA - LA TNIDAMIVNIALIVIIdANIAMIMN L - IOQH VNI DAHd VA LdDAHATINIADS IA I TOANEdHTdDAd TAIAMSARIS TYATMYOATAN
——-SASAVASINAAYANNOQYIAVIIMIAIAAIAVIVONILIVMTAANIAMASHYINATI SdSAVIVAHdIVALdOAHATAWNMADS TAT TOANEId M TdDANTIIANSARDTOATMANYYAT
—--SASAVASSHWANIAMNOQIIATIIMNAIAADAYIVOTI LAVMAdANIAMASY IASTISAHAYIVAHAIVALADAHATANNADS IAT TOANEIdM TdDANTANANSARIS TOATMANLYAT
——-XXISYIONOAALANNDAHITHYNINIAAYOIOS ~——~——~~~~ dAIEIATML- L INAYI INOVAHAIdALdAQWTIMNALLTAI TOVYSEdHSdDAS TANANYIRINTSATANOAdSA
=== ARISHYADNWNAALANND SUANIVAEIAANAD TN - === === === HAOIdAATIL-MINAYIINOVAHdIdAAINA X TIMNIOS LTAATONSEdHSdDAS TANANYIRINTS ATANOAd SA
YAdTIMSUNY IDAAHAINONIATIVANONAAYNIHN -~~~ ~ =~~~ HAAdAATAL-MINAYIINODXHATIAAdSSOIAMNAEDS TA T TOWSEdHSIDAS TASANVIRINTSATANOAdSA
———AAISYAVIDAALAYNONTHTIVATASMIVAINN-————————— HAMIAIMAI-NINAVIIIOVAHAIdAIdYANI IHNNADITA I TONNEIdHSdDAd THIANVIRINTYAIANDAdSA
90 TIMSHNYADIATALNONYLIDVANONMI SNUM ~~~ ===~~~ HAMIAINAL-STIAYIANOYAHAIdAAdYSAI TANNADSTAI TONSEIdHSdDADTALANV IRINTSATANOAdSA
YAdTIISHNY IDAAAAMMONIETYLOAOS AAVAdNS ~ =~~~ ~~~~~— dAIAAALIL-MINAYIINOVAHdIINAIYSOI IANIdOLTAI TONSEdHSIDASTASANVIRINTYI I AMOAdSY

IIDTSYHIEIDdOAHAATAON I ANAM IO AVIAVHINNMEAAOSATATILAYNOYOAALITIDTOTH -~~~ =~ —= ===~ JdADATACIAAYTADVATAd TAAIVINSOLASTIDVYIAAND
LIOWALMTIOIOXAONATIAN IANIMIOVAVIIVHA INMIAAOSATATS LAYNOYOAIVIFTIDOTOTI-~~~~~~~~~~— dAVAAYSIdIV-NAAITYVAINIAATALALI STADVADTHAYT
LAOWALY TEOJIOXHAATIAN IdAANIDVAVI IVAI INMIAADSATATS LAYNOYOAAVIJTIDTOTE-——— ==~ ————— dAVAAYSYdAV-NIRIAVAIILAATALALISTIDOVADTHMN
LADAVYOTRIDIDAHAd LAQAA-————————— HALATSMMYILSAIATILAVAONOAIOIETADTONG -~ ATYAIANTANAAIIDYTADOIANNA I DTN AN HISIALVAIYAMONY IIXND
LADEVVSTRIDIS AHALANAAA - === —=———— MACTTSMIVAYSHAITLIAYNOINAAOIFTADTOAT -~ ITHVAYAHIANAT A TOIHIDN TANNIAVININTISAAIALASTIOND T AXND
LADIVVAVEOISAOAIAIATA-—————==~~— IDLIINMIAAES STANLLAYNONAAAO LB TIDTYNIINATIHNASEANTIA IONYEOVAIINIIVOIVIIISIALTTAVINOSYIAXND
LADAVVYSORIDdSAHALANATA-————————— MMEDIMMMVALS IAINLLAYADALOAOLBTADTOVI- -~ AEYYNASNANAAG IDYATALIAINIAVONINTIAXYIATJ STIONDAIXND
IA9IVVYVIBIDdSAOAd THATA-~~~~~——~~~ I9SSIAMMATIESSTANILADHONAAIOSHTADOTYNIANATIINASTAATAd IONITDSIMMATITHIVIHISIAINYIVTMOSYIIILD
SADIVVYASEOISAOAIAIATL-~~—~~—=~~ EDINdAMMAIESSTANILAYAONAAAOLTdDOTYNIANATIINASAANTAIWO AN IDSAAMNI I VHIVM IS IAINS AV TMOSYIAILD

OBIANNYId I A LA TSV -~ EMEDAANIA--ONIHIXOOVH I VNI IV INIAANAHEN T -~ S LRI TINOWESNINS LS AYMIOTAAYAIONA IND ~ -~ SAMAOMYAEM -~ - -¥AYA

OBIANNYId I A LA TS SV -~ IMUDAANNA--ONTHOXAADOVY IVMH I IV INIAATHEWI -~ VY LHId TINOMES NS LS AYMIDTAAYAONA IND - -~ SATAOMYAEM -~ - -A¥A
AdLAQADEA SMWNYIATAASDd ~~-~AQTdAINIA--DAAIMANDINY YOI TRMMNTYAA RGN IO SYNATTTEAVHRILNIL L TAYMOHISATIOVASTAI SMAAWTAIMOASNIONNIAT Y
AdSATADBIdSMYIAATAISDd -~~~ ATIdAIANY - -DD T IMAMD ANV YOI TTIMNTVAI AN TIOSYNATTTLSVHRIINWL L TAYMOASAMMOVAS TAXSMAd TTTAMOASWHONMAATY
AdLATADBIdSYAIATAIOON -~ ~-HEdI INMO--ODOANAAMDIMANNT TIMMNI TAT IQIAHOSYNT A INL LY IR INW L L TAYMAN S IMMOVAS TAASMAd TYAOAY ITHTIOVMANA L
AdLAQADEIA SMVYYAYAAIDd ~~ -~V EIJAIANO--ONATTINDANAVOIVYIMNI VI I AL ANM SYNATTTH IV AR LNILLTIYMOASdDNOVYASTAINMAd T TOMY A INHOIMOAAS
AdLATADBIdSMVLAATIIOON -~ ~~HIEdI INIA-~ADANAXODAYANM I TEMMNA TAT AGNAMOS YN T ANE L LY HEILNW L LNASMO IS OMMOVAS TAISMAd TYAOAY THTMMMAINA L
AdLAGADJYd SHVAIATAIOON -~ -~ NMAdIA TN I~ -ONATIANDIVANI I TIOMNI TAT IGUAVOSYNT AN LLVHEIL

ASSINEOEIINYIAIAXRILINSAIDMNIDATAI LY SADTIIAADVIAYYIAVH IAIANAAMET T~ - NINROOTAIVME S NIO LYYV AYD LAAYALNAIND ~ - ~AATAOI YWIN -~~~ LEYA
adv]
adv]

ILIADMOHSIDNOVASTAASMAdTYAOMSADTION0OIAAD

H@ZNZHMWZMQOQDM>MUQZ&E&HHmM<Z<m>wmﬁmm>KOAMmeH@O>Z&>HIHEMDUMZHQAMHm<>MWZ<MDZHMANMUDMMUQHZmHmUDUZlIIIIlIII Amxmmolllll 0
AYLAINAXLVAQIALS -OANATAVIAIONDIAANS IAMMOJRIAOBITOMYNI I -~ I TIVALINAADIAYVAY INYIANWNA TAYDAANOALAS! TAONAHIMMONVYTOMMINEINLIO
AYLIANAANYAQEWNNL -DANATI LHAIONDIAZANSHIMMOATOR I ONYNA I -HTIVADMNACDOIAN VAT INYIANWI TIIDAXNOTLAS [TADONTHTIMONVY TANALIISNIEE
AYVTIADNAQMSTINIIASALOAI IdDVAYSDTHAATSNI INIAVSEIDXINAI-ATIOS IYISATATYIVYISNYNANAI TMIDAXAON LIS TYABINADOMSME -~ — === === ———————— )
AYVTTONATIMANATAVANOAd IdDVIYSVWNAAISNI LI AVSORIADOXINAIdDTIOELLALNTATYV TISNYNANI A TMIDAXAOV LS TYABIVADMI AT~~~ — === —————————— )
AYSHWADIAMESAEATSYAO-HOTIASIILd TATATINILAIVYORdOS INGAT - I IAYALIIATANAYVESNYAQLYANANOAXION LIS IV AR TADMLAD ~— — === === —=—————~ )
IVOTVONASENAOITANAS -OANAS TILONNIATING LAIAVSEHIONING IdDT IOILHAL INIWYVINNYNANT IATIOAAAONLIS TS VADMLID -~ — === —==—=—————~ B3]
AVSHWADIAMANAIATAVAE-ADTAAVALILd TATAALNG LAAVYORIADD LNIAN - TIANLLALA TATAYVINNYVAQLVATANOAAADALAS TVl TADMLAD - -~ = === —————————— D
AYSWADAAMOSAEATSYAY-SOTIASIILdTATI AESNAIAIVYIdOSINAAT- I IAMALILATANAYYEISNYAQLYANANOAXIOM LHS IV Al AAOMI AN - = — === === —=—————~ 9
WIHISEINLITOMOLYSAANIAD TINTIINSIADTAYATDOOHODSMADXXAATIDIDAHINON S~~~ IMAVOYMS TH INAVOD TV LYVAVYO LAVSVOTIDNES TOTIHIAOI LNMSANASK
HI¥ISANIOOMOLYSOUNIAAYNTIINSd IDTIINEDLODSSMADAXAATIOIVASOAYOLYYIVA LY IOVYOTSTYVADALOVIIVSOVIVS —~dTVHES IO~~~ —~~~~~ MHEMSEN
HIYASINIOOMOLYS DUNIAdAINTIINSA IDTIHNEADSODS SMADAAAATODdTAS DAY ST = = === = = = = == = e e e e e o
TWEMSHLIMOXOAVSHILIAI I LI TTINS dADAAIAND SHOOSYANAXHATODIIAX LN TYYOANIAIADAAS INMO - -DIVYYYHVIINTOVS TAAVIATOATIOVIS TATMMATONAN
TWMMSHHLMOADAVSANSAND T LA TIINSAADANAAND SHODSVATAXRAATHDIAARIA TYVVHAANTISADANVY LV TLLLYDDADLYSOAIVYS TAAVNATDAATOLIVTY IMMANCH AN

TIMSHYAMOXDILYSAdSINIAIE ITHHINS dADA ITINODSHODSYATAXRIANTDIIAXANIVALAY -~ SYNSALAd ~ === ==—=~=~~— LSANDAAALSYTADAVTOSTYS IAMMMN-———
WIEZNLYIAXOADIVSAdSIN I LI THITSAADIAINODSHODS SANAXTIAHODddAITINOVSVIOSSSHLIV -~ ——~~~~=——~——~ dOAJOTIAINOVANDYI IDIANIAXMIDINA -~
WTIMIHMAXDADLYSAdSING I LI THINSdAD X TINODSHODSYATARIAHEDIIAALYIVASYA-NSYNININYO -~ ———~~~~ NINIAAAVATALSYTIOOVATOLIVY IMMMN-————
WIMMSHASMOADIVSAOSAIAALIIHINSAADAAITOOSHODSVATARAANADIIARANTYNSMALS SINVAJYd ~— == == ===~~~ DATLOVAIALSYIADVYATOLIVAI IDMMA-~~~

sd
)4
pd
ua
aa
19
02T00_0zZvd
07€50_0Zvd
92z8T 0zvE

sd
oY
pd
ua
Ia
R
02T00_0Zvd
07ES0_0zvd
92z8T 0zvd

sa
ov
pd
ua
xa
39
02T00_0Zvd
07€50_0zvd
92z81 0zvd

sd
oY
pd
ua
Ia
5
02T00_0Zvd
07E50_0zZvd
92z8T 0zvd

sd
oY
pd
ua
aa
319
02100_0Zvd
0%€50_0zvd
92z8T ozvd

sd

oY

pd

ua

aa

39
02100_0Zvd
0v€50_ozve
92z81 ozvd

October 2012 | Volume 3 | Article 371 | 27



http://www.frontiersin.org
http://www.frontiersin.org/Evolutionary_and_Genomic_Microbiology/archive

	Redundancy and modularity in membrane-associated dissimilatory nitrate reduction in Bacillus
	Introduction
	Materials and Methods
	Strains and DNA Extraction
	Genome Sequencing
	Genome Annotation
	Accession Numbers

	Results and Discussion
	Nitrate Reduction
	Nitrite Reduction
	Nitric Oxide Reduction to Nitrous Oxide
	Nitrous Oxide Reduction
	bc1/b6f Complex of B. azotoformans
	Gene Inventory of B. bataviensis

	Concluding Remarks
	Acknowledgments
	References
	Appendix


