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The complete genome of the ammonia-oxidizing bacterium Nitrosospira multiformis (ATCC 25196") consists
of a circular chromosome and three small plasmids totaling 3,234,309 bp and encoding 2,827 putative proteins.
Of the 2,827 putative proteins, 2,026 proteins have predicted functions and 801 are without conserved
functional domains, yet 747 of these have similarity to other predicted proteins in databases. Gene homologs
from Nitrosomonas europaea and Nitrosomonas eutropha were the best match for 42% of the predicted genes in
N. multiformis. The N. multiformis genome contains three nearly identical copies of amo and hao gene clusters
as large repeats. The features of N. multiformis that distinguish it from N. europaea include the presence of gene
clusters encoding urease and hydrogenase, a ribulose-bisphosphate carboxylase/oxygenase-encoding operon of
distinctive structure and phylogeny, and a relatively small complement of genes related to Fe acquisition.
Systems for synthesis of a pyoverdine-like siderophore and for acyl-homoserine lactone were unique to N.
multiformis among the sequenced genomes of ammonia-oxidizing bacteria. Gene clusters encoding proteins
associated with outer membrane and cell envelope functions, including transporters, porins, exopolysaccharide
synthesis, capsule formation, and protein sorting/export, were abundant. Numerous sensory transduction and
response regulator gene systems directed toward sensing of the extracellular environment are described. Gene
clusters for glycogen, polyphosphate, and cyanophycin storage and utilization were identified, providing
mechanisms for meeting energy requirements under substrate-limited conditions. The genome of N. multiformis
encodes the core pathways for chemolithoautotrophy along with adaptations for surface growth and survival

in soil environments.

Nitrification is a key process in the nitrogen cycle of terres-
trial, wastewater, and marine systems. The first step in the
aerobic process is the oxidation of ammonia, mediated by
ammonia-oxidizing bacteria (AOB) or ammonia-oxidizing ar-
chaea. Because we are particularly interested in the genetic
complement adaptive for ammonia-based chemolithotrophy in
the soil environment, we completed the genome sequence of
the soil AOB Nitrosospira multiformis (ATCC 25196"). Obtain-
ing the N. multiformis genome sequence offers a unique op-
portunity for comparison to the available genomes of other
betaproteobacterial AOB (beta-AOB), Nitrosomonas europaea
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(16), and Nitrosomonas eutropha (63). The AOB isolated or
detected by noncultural methods in aerobic surface soils all
have been members of the Betaproteobacteria (order Nitro-
somonadales, family Nitrosomonadaceae). Recent evidence
suggests that Crenarchaeota may also contribute to ammonia
oxidation in soils (43).

The sequenced AOB, Nitrosospira multiformis ATCC
251967, was isolated from soil near Paramaribo, Surinam, by
enrichment culturing, followed by serial dilution to extinction
(71). Originally, this isolate was the type strain for Nitrosolobus
multiformis, with a genus name indicative of its lobular mor-
phology. N. multiformis and closely related cluster 3 Ni-
trosospira (41, 64) are commonly identified as important mem-
bers of the AOB community in agricultural soils from a range
of geographical locations (3, 4, 12, 45, 52).

Soil AOB survive in a discontinuous environment subject to
rapid changes in water potential, diffusional limitation of sub-
strate supply (61), and competition from a range of heterotro-
phic bacteria and plant roots using ammonium as a nitrogen
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TABLE 1. General characteristics of the Nitrosospira multiformis
genome (IMG version 2.4, 2007)

General characteristic Value
No. of chromosomes 1
No. of plasmids 3
No. of base pairs 3,234,309
G+C content (%) .... 53.88
Coding density (%) .. 85.6
No. of predicted protein-coding genes... 2,827
No. of predicted proteins with putative
FUNCHON (90) ..veeeeereeecrcrriecieinicieeieeeees e eeaenees 2,026 (70.5)

No. of predicted proteins of unknown function.......... 801
No. of predicted proteins with similarity to

other proteins of unknown function 747
No. of predicted RNA coding genes 49
tRNAs 43
16S-Ala tRNAgc-Ile tRNAG,-23S-5S 1(16S), 1 (23S),
1(5S)
Miscellaneous RNAS.........cccooiiicnniccee 3

source. The soil pH (21) and oxygen availability (10) are known
selective factors for AOB in the environment. The AOB grow
strongly attached to soil particle surfaces embedded in an exo-
polysaccharide (EPS) matrix (1) often in association with ni-
trite-oxidizing bacteria, such as those in the Nitrobacter and
Nitrospira genera (27). Adaptation to and evolution in this
environment are reflected in the gene complement found in N.
multiformis described herein.

MATERIALS AND METHODS

Strains and culture conditions. Nitrosospira multiformis ATCC 25196" was
obtained from the American Type Culture Collection and maintained on ATCC
medium 929 at 28°C in the dark as described previously (50).

Construction, isolation, and seq ing of small-i t and large-insert li-
braries. Genomic DNA isolated from N. multiformis was sequenced using a
conventional whole-genome shotgun strategy. Briefly, three libraries were con-
structed using randomly sheared genomic DNA fragments of approximately 3 kb,
8 kb, and 40 kb in size that were ligated into pUC18, pMCL200, and pCC1Fos
cloning vectors, respectively. Double-ended plasmid sequencing reactions were
performed at the Department of Energy Joint Genome Institute (JGI) using ABI
3730x1 DNA analyzers and MegaBACE 4500 genetic analyzers as described on
the JGI website http://www.jgi.doe.gov/. After quality control of the 44,363 total
initial reads of draft sequence, 37,538 sequences were assembled, producing an
average of 11.1-fold coverage across the entire genome. The reads were assem-
bled into 39 high-quality draft sequence contigs, which were linked into 23 larger
scaffolds by paired-end sequence information. Gaps in the sequence were closed
by primer walking on gap-spanning library clones or with PCR products from
genomic DNA. Remaining physical (uncaptured) gaps, some of which are re-
gions suspected of being lethal in Escherichia coli, were closed by combinatorial
PCR and sequencing. Sequence finishing and polishing added 868 reads, and
final assessment of the completed genome (one chromosome and three plas-
mids) was performed as previously described (16).

Sequence analysis and annotation. Automated gene modeling and functional
assignments were completed using multiple databases and modeling packages as
described elsewhere (17, 37). Manual curation of automated assignment was
completed on an individual gene-by-gene basis as needed. Comparative analyses
of bacterial genomes and gene neighborhoods were completed using the JGI
Integrated Microbial Genomes web-based interface (http:/img.jgi.doe.gov/). The
sequence and results of automatic annotations are available at http:/genome
.ornl.gov/microbial/nmul/29apr05/kegg_summary.html. Putative Rho-indepen-
dent transcriptional terminators were predicted using TransTermHP (36).

Nucleotide sequence accession numbers. The sequence of the complete N.
multiformis genome is available under NCBI accession numbers NC_007614
(chromosome 1), NC_007615 (plasmid 1 [18.8 kb]), NC_007616 (plasmid 2 [17.0
kb]), and NC_007617 (plasmid 3 [14.2 kb]).
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TABLE 2. COG classifications of the genes in the
Nitrosospira multiformis genome (IMG version
2.4, 2007)

No. of genes with

Protein category based on COGs COG (% in COG

category)®
Any COG category ..2,102 (73.1)
Cell wall, membrane, and envelope .. 194(6.8)
DNA replication and repair 182 (6.3)
Energy production and conversion ... 160 (5.6)
Amino acid transport and metabolism .. 154 (5.4)
Translation, ribosome structure, and biogenesis e 151 (5.3)
Posttranslation modification and chaperones . 129 (4.5)
Signal transduction mechanisms 124 (4.3)
Coenzyme transport and metabolism ... 108 (3.8)
Inorganic ion transport and metabolism . 105 (3.7)
Transcription 99 (3.4)
Intracellular traffic and secretion 96 (3.3)
Carbohydrate transport and metabolism 94 (3.3)
Lipid metabolism 77 (2.7)
Cell motility 64 (2.2)
Secondary metabolites 59 (2.0)
Nucleotide transport and metabolism 54 (1.9)
Defense . 31(10)
General function prediction only .. e 227(7.9)
Unknown function . 197 (6.8)

“ Classifications of genes are based on clusters of orthologous genes (COGs).
The percentage given is based on a total gene count of 2,876. Some genes may
be counted in more than one COG.

RESULTS AND DISCUSSION

Genome organization, general features, and analysis for
lateral gene transfers. The genome of N. multiformis ATCC
25196 consists of a single circular chromosome of 3,184,243 bp
(G+C content of 53.9%) along with three previously unknown
plasmids of 18,871, 17,036, and 14,159 bp in size and G+C
contents of 49.5%, 50.0%, and 49.6%, respectively. General
features of the genome are listed in Table 1, and detailed
circular maps are shown in Fig. S1 in the supplemental mate-
rial. The genes are distributed evenly around the chromosome,
with 1,337 transcribed from the forward strand and 1,420 tran-
scribed from the complementary strand. Plasmids 1, 2, and 3
have 17, 16, and 15 genes identified, respectively. There were
49 RNA genes with a single copy of the rRNA operon of the
16S-Ala tRNA.;-Ile tRNA5A-23S-5S type and 43 tRNAs
(representing all 20 amino acids). A total of 2,827 coding genes
averaging 980 bp in length emerged from the modeling effort,
22 coding sequences (CDS) are fragmentary, frameshifted, or
interrupted by insertion sequence elements (ISE); these have
been designated pseudogenes. Of the 2,827 putative proteins,
2,026 have similarity to a protein with a functional assignment.
Other protein searches give similar results: 2,119 proteins
match InterPro profiles; 2,014 match a Pfam hmm profile;
2,102 can be assigned to a cluster of orthologous gene (COG)
group (Table 2).

The three plasmids have lower G+C content than the chro-
mosome and carry few genes of known function besides those
encoding plasmid replication initiation, partitioning, and mo-
bilization functions. Functional plasmid genes did not have
significant similarity to each other or to genes on the chromo-
some. However, all three plasmids do encode putative pepti-
dases that may confer some advantage to the organism in the
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TABLE 3. Complex repetitive sequences including insertion sequence elements in N. multiformis

Size (bp) of

No. of

Gene cluster or region or ISE and tranposase . Gene locus no.” Designation
repeat copies
Gene cluster or region
amoCAB-orf4-orf5 copC copD 8,114 2 A2326—A2320, A2766—A2760
amoCAB adjacent to hao (supercluster) 3,729 1 A0798—A0800
amoC single 844 1 A0177
amoC divergent at 75% 565 1 A2467
hao-orf2-css,-cyt 550 5,090 3 A0805—A0802, A1082—A1085,
A2662—A2659
Translation elongation factor Tu 1,180 2 A0752, A0765
Membrane protein, Kef-type K" transport system NAD-binding 1,354 2 A0075 and A0076, A1690 and
component; ion transport protein A1691
Diguanylate cyclase/phosphodiesterse [GGDEF and EAL 1,131 2b A0630, A1605
domains with PAS/PAC sensor(s)]
Amino acid adenylation condensation domains 1,727 2¢ A1829, A1830, A1832
ISE and transposases
Transposase, IS3/1S911; putative transposase; putative 1,003 5 ISNmu4
transposase
Transposase, IS3/I1S911; integrase, catalytic region 1,274 5 ISNmu5
Transposase, 1S3/IS911; integrase, catalytic region 1,214 3 ISNmu6
Transposase, IS4; transposase 848 134 ISNmu1l
1S298 transposase OrfA; transposase, IS4 815 5 ISNmu3
Integrase, catalytic region 1,228 6 ISNmu2
Transposase, 1S3/IS911; integrase, catalytic region, one copy on 1,438 3 ISNmu8
plasmid 2
Transposase, 1S3/IS911; integrase, catalytic region, one copy on 1,244 4 ISNmu7

plasmid 3

“ Nmul gene locus numbers are shown abbreviated: A2326—A2320, Nmul_A2326 to Nmul_A2320.
® Three other copies with domains of 62 to 80% identity and one partial copy with only the GGDEF domain.
¢ Ninety-three percent partial hit within the same protein, 70% identical portion in another protein.

4 Two degenerate copies of 75 to 80% identity.

soil environment. Plasmid 1 also carries a postsegregational
killing system (Nmul_B2801 and Nmul_B2802) and a phage
integrase (Nmul_B2807). Plasmid 3 carries a resolvase/recom-
binase (Nmul_D2813), as well as an ISE that is repeated three
times within the chromosome. Plasmid 2 encodes a restriction
modification system (Nmul C2785 and Nmul_C2786), a site-
specific recombinase (Nmul_C2795), and an ISE (ISNmu§8)
that is also found twice in the chromosome. It is unclear if this
ISE was introduced into the genome via the plasmid, as both
copies in the chromosome are associated with regions of un-
known origin as well: one lies within a 14.4-kb region (2309003
to 2323384) along with four different repeated ISE (ISNmul,
-3, -4, and -5) and a phage integrase, while the other is adjacent
to a site-specific recombinase and a phage-related integrase
gene and lies within a 16.6-kb aberrantly low (43.2%) G+C
region (113521 to 130139). It is possible that both of these
entire regions may have been recently acquired via lateral gene
transfer. This scenario is substantiated for the 16.6-kb region in
that it encompasses a number of hypothetical proteins, a cytidine
deaminase, and an endonuclease, and it interrupts a Mg®" che-
latase (Nmul_A0124, N-terminal fragment; Nmul_A0106, C-ter-
minal fragment), conserved in many Betaproteobacteria.
Additional regions with nucleotide composition anomalies
(G+C content and dinucleotide and trinucleotide frequencies)
were analyzed for evidence of recent lateral acquisition by N.
multiformis. One such region (Nmul_A0922 to Nmul_A0934)
encodes the largest gene product (Nmul_A0927, 15,651 bp) in
N. multiformis. This very large hypothetical protein (5,216
amino acids [aa]) shows little similarity to entries in the

GenBank NR database. This region also encodes putative phage
products, i.e., an integrase (Nmul_A(922), a reverse transcriptase
(Nmul_A0934), and a transcriptional regulator (Nmul_A0932),
and lies directly downstream of a tRNA. We interpret the
presence and arrangement of this inventory as evidence of a
recent lateral gene acquisition(s).

Complex repetitive sequences. The chromosome has eight
families of transposase-encoding ISE, repeated from 2 to 13
times spread randomly throughout the genome; two of these
ISE are also found on plasmids as mentioned above (Table 3).
All 13 copies of the most numerous ISE are 100% identical to
one another and were found to occasionally interrupt CDS.
Similar to other beta-AOB, N. multiformis harbors repeated
copies of amo and hao gene clusters (Fig. 1 and see below). In
addition, several other repeated genes or gene fragments were
identified (Table 3) including two nearly identical K™ transport
systems. One copy (Nmul_A1690 to Nmul_A1691) lies be-
tween an ISNmul and ISNmu4, with a putative cyanophyci-
nase unique to this AOB and a nonduplicated ISE. In accor-
dance with its large genomic inventory of signaling proteins,
multiple genes encoding highly similar proteins with distinctive
signaling domains were found.

Taxonomic distribution of gene homologs. The majority of
the identified protein-encoding genes have best matches (top
KEGG hits) to those from Betaproteobacteria, with 753
matches to genes in N. europaea and 415 matches to genes in
N. eutropha (together comprising 42% of all matches with
cultivated organisms), 139 to Thiobacillus denitrificans, 93 to
Methylobacillus flagellatus, 65 to Dechloromonas aromatica, and
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FIG. 1. Multiple copies of the amo and hao gene clusters. Repeat regions of amo and hao clusters with near 100% identity are shown on the
same background color. Selected putative promoters and terminators are shown. Gene clusters include amo operon copies 1 and 2 duplicate
regions containing amoCAB, orf4, orf5, copC, and copD; amo/hao ammonia catabolic supercluster; and Nmul_A0177 (amoC) identical copy and
Nmul_A2467 amoC divergent copy. Nmul_A0805, Nmul_A1082, and Nmul A2622 encode hydroxylamine oxidoreductase. Nmul A0804,
Nmul_A1083, and Nmul_A2661 encode the Orf2 protein. Nmul_A0803, Nmul_A1084, and Nmul_A2660 (cyc4) encode cytochrome C-554.
Nmul_A0802, Nmul_A1085, and Nmul_A2659 (cycB) encode tetraheme cytochrome Cm552. Nmul_A2663 (focA) encodes a formate nitrite
transporter. See text for additional discussion and reference 2 for more details of gene nomenclature.

112 to Azoarcus sp. strains BH72 and EbN1 combined. In the
Gammaproteobacteria, the best 64 matches were to Nitrosococ-
cus oceani, 30 to Methylococcus capsulatus Bath, and 49 to
Pseudomonas spp. Interestingly, there were 25 best matches to
the nitrite-oxidizing alphaproteobacterium Nitrobacter ham-
burgensis. The analysis is found at http:/genome.ornl.gov
/microbial/nmul/29apr05/kegg_summary.html refreshed 25
July 2007.

Central carbon and energy metabolism. (i) Central path-
ways. The gene profile is consistent with complete pathways for
glycolysis and gluconeogenesis as well as the tricarboxylic acid
(TCA) and pentose phosphate cycles. As recognized for other
AOB genomes, some uncertainty remains about the balance of
fructose-6-phosphate and fructose-1,6-bisphosphate, whose
interconversion is normally facilitated by two irreversibly
functioning enzymes, ATP-dependent phosphofructokinase
(PFKase) and ATP-independent fructose-1,6-bisphosphatase
(F1P6Pase), to prevent a futile cycle. Nmul_A0740 appears to
encode an enzyme that is more similar to a pyrophosphate-
dependent PFKase as has been reported for other AOB. De-
pendence of gluconeogenesis on the distinct energy storage
pool of pyrophosphate may be advantageous (37). The pres-
ence of a gene (Nmul_A0739) encoding a pyrophosphatase
just upstream from Nmul_A0740 is consistent with the opera-
tion of Nmul_A0740 as a pyrophosphate-dependent PFKase.

In contrast to the other sequenced AOB, no ortholog for
a bacterial type F1P6Pase was identified in N. multiformis.
However, there are four candidate genes (Nmul A0377,
Nmul_A0672, Nmul_A1789, and Nmul_A2147) encoding ino-
sitol monophosphatases/type IV F1P6Pases with similarity to
archaeal enzymes. These enzymes were implicated in the ar-
chaeal gluconeogenesis pathway (62). Comparative analysis of
the domain structure and active site residues suggest that
Nmul_A2147 is the best match for a putative F1P6Pase activ-
ity, although Nmul_A0377 is found adjacent to the cluster of
Calvin cycle genes.

(ii) Carbon fixation. The carboxylation reaction of the Cal-
vin cycle is encoded by a single-copy c¢bb operon with the
regulatory c¢bbR transcribed in the opposite direction
(Nmul_A0687 to Nmul _A0684). The deduced ribulose-
bisphosphate carboxylase/oxygenase (RuBisCO) in N. multifor-
mis is most similar in organization and sequence to that in
Nitrosospira sp. strain 40KI (67), which belongs to the form I C
(red-like) subgroup (59, 65). A previously reported partial
¢bbL sequence (67) (GenBank accession number AF426418.1)
may have been incorrectly attributed to N. multiformis ATCC
25196 because this gene is only 84% identical to the chbL
(Nmul_A0686) in the sequenced genome. Interestingly, the
RuBisCO of the gamma-AOB N. oceani also belongs to the
form I C (red-like) subgroup (37), and the N. oceani CbbL and
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CbbS sequences are 92% and 82% identical to those in N.
multiformis. In contrast, N. europaea and N. eutropha have
form I A (green-like) c¢bb operons (16, 63) as reported for
Acidithiobacillus ferrooxidans (59). It is presently not clear
whether the cbb operons in Nitrosomonas europaea as pro-
posed by Wei et al. (73) or in Nitrosospira are the result of
lateral gene transfer. Multiple events of lateral gene transfer,
gene duplication, and loss of paralogs are believed to have
occurred during the evolution of the RuBisCO-encoding genes
in Proteobacteria (65).

Unequivocal candidates for genes encoding a Calvin cycle-
specific regeneration of pentose phosphates by conversion of
triosephosphates via the F1P6Pase/sedoheptulose-1,7-bisphos-
phatase reactions were not identified in the genome. N. mul-
tiformis instead may use one of the enzymes described above in
combination with a fructose-1,6-biphosphate aldolase (en-
coded in Nmul_A384) for these functions. A similar class II
aldolase was found to be induced during autotrophic growth of
Xanthobacter flavus (59) and is implicated in M. capsulatus
(MCA3045) (35). The further pathway to ribulose-5-phosphate
mediated by transketolase and pentose-5-phosphate-3-epimer-
ase is likely encoded in Nmul A0388 and Nmul A2371, re-
spectively. Phosphoribulokinase (encoded in Nmul_A0562)
generates the substrate for RuBisCO irreversibly. Overall, it
appears that the central pathway inventories that often contain
paralogs, functional analogs, and irreversible enzymes in che-
moorganoheterotrophs and facultative chemolithoautotrophs
have been streamlined in AOB by reductive genome evolution.
Future experiments may characterize individual enzymes for
their reversibility, substrate specificity, and turnover capacity
to more fully resolve the carbon fixation pathway in N. multi-
formis.

(iii) Chemolithotrophy. The N. multiformis genome encodes
a complete TCA cycle, including alpha-ketoglutarate dehydro-
genase (alpha-KGDH; Nmul_AS855 to Nmul_AS857) and suc-
cinate dehydrogenase (Nmul_A0862 to Nmul_A0860). Two
divergent copies of the genes encoding succinyl-coenzyme A
synthetase (Nmul_A1079 to Nmul_A1080 and Nmul_A1995 to
Nmul_A1996) were identified. Genes encoding malate syn-
thase and isocitrate lyase, enzymes unique to the glyoxylate
shunt, were not found. In the pregenomic era, failure to detect
significant activity of alpha-KGDH and succinate dehydroge-
nase had been associated with obligate lithoautotrophy (71,
74); however, the presence of genes encoding both of these
enzymes in all sequenced AOB genomes (16, 37, 63) and re-
cent experiments with N. europaea (31) have dispelled this
theory with regard to autotrophy. Even though the TCA cycle
is complete, energy generation by oxidation of ammonia was
still strictly required for the growth of N. europaea on organic
carbon sources (32), thereby indicating obligate lithotrophy.
Perhaps the role of alpha-KGDH in N. multiformis is associ-
ated with fitness during the stationary phase as found for N.
europaea (31). We suggest that in N. multiformis, the TCA
cycle operates to secure stable pools of precursor metabolites
and to utilize stored glycogen.

The genes and genomic context for the central enzymes in
energy production, ammonia monooxygenase and hydroxyl-
amine oxidoreductase, are shown in Fig. 1. The N. multiformis
genome contains three copies of the amoCAB operon and two
singleton copies of amoC (Nmul_A0177 and Nmul_A2467) on
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the chromosome as previously noted (50). Two of the amoCAB
operons reside on 5,440-bp regions that are nearly identical
with only 5 nucleotide mismatches in both coding and inter-
genic regions. Similar to the beta-AOB of the Nitrosomonas
lineage, these amoCAB operons are succeeded by two con-
served genes, orf4 and orf5, whose expression products are
likely associated with the plasma membrane and involved in
ammonia catabolism (2). Furthermore, the orf4 and orf5 genes
are followed by two genes, copCD, that encode copper toler-
ance or copper sequestration proteins. The copCD genes also
follow amoCAB-orf4-orfS operons of N. europaea and N. eu-
tropha (16, 63). This arrangement of the amo gene cluster
seems typical for beta-AOB and was not found in the genome
of the gamma-AOB N. oceani (2, 37). The third amoCAB copy,
not found in the nitrosomonads, is nearly 100% identical with
the other copies for 3,224 bp but lacks the orf4-orf5 and copCD
downstream genes.

In addition to the clustered amo and accessory genes, N.
multiformis encodes singleton copies of amoC (Nmul_A0177
and Nmul_A2467), orf4 (Nmul_A1398), and orf5 also known as
amoD (24) (Nmul_A0227, Nmul_A0945, and Nmul_A1933).
Whereas Nmul _A0177 is nearly identical to the clustered
amoC genes, Nmul_A2467 is 25% divergent from the other
four amoC gene copies. Multiple copies of amoCAB-orf4-orf5
clusters and singleton amoC genes may extend flexibility for
expression of ammonia catabolic inventory under fluctuating
ammonia concentrations frequently encountered in the soil
environment. In N. europaea, for example, the three amoC
gene copies were differentially expressed during recovery from
starvation (9), and mutants with inactivated individual amo
copies exhibited different growth phenotypes (33).

The hao gene cluster (hao-orf2-cycAB) also exists in three
copies (Fig. 1), one of which is contiguous with the third
amoCAB operon in a single ammonia catabolic supercluster
(2). All three copies of the hao gene cluster in N. multiformis
include the cycB gene, whereas one of three copies in the N.
europaea and N. eutropha genomes lack this gene (16, 63). Of
further interest is that all hao gene clusters whose products
constitute the hydroxylamine-ubiquinone-reductase module
(38), are adjacent to groups of genes that are involved in
energy transformation (Fig. 1). This association may have func-
tional implications, as the products of clustered genes con-
served in sequence and synteny are very likely to be function-
ally related (60).

(iv) Electron transport. The gene profile is consistent with
electron flow between NADH and the ubiquinone pool via
NADH-ubiquinone oxidoreductase (NUO) (complex I), be-
tween the ubiquinone pool and cytochrome c¢ via the cyto-
chrome bc, complex III, and from cytochrome c¢ to oxygen via
cytochrome ¢ oxidase (complex IV). The genome of N. multi-
formis contains two complete but distinct sets of genes encod-
ing NUO. Genes Nmul_A1091 to Nmul_A1104 are most sim-
ilar to the corresponding single-copy genes in N. europaea (16),
which encodes a NUO that is expected to function in reverse
electron flow. The second complex I, encoded in genes
Nmul_A1013 to Nmul_A1025, is most similar to NADH de-
hydrogenase 1 (NDH-1) in Methylococcus capsulatus Bath. The
role for this second NDH-1 complex is not known, but we
speculate that it might be involved with electron flow in the
“forward” direction (toward ubiquinone) as it was proposed
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FIG. 2. Unique hydrogenase and urease gene clusters of N. multiformis. (A) The hydrogenase-encoding gene cluster from Nmul_A1662 to
Nmul_A1677 (Nmul_A1662-1677; genes are abbreviated by their last four numbers) and its putative products and functions are as follows:
Nmul_A1662, exonuclease metallo-beta-lactamase RNA processing enzyme; Nmul_A1663, response regulator GAF:metal-dependent phospho-
hydrolase HD domain (sigma-54 related); Nmul_A1664 (hypC), chaperone; Nmul_A1665 (hypA), hydrogenase expression and synthesis;
Nmul_A1666 (hypB), hydrogenase accessory protein; Nmul_A1667 (hypD), hydrogenase formation; Nmul_A1668 (hypF), [NiFe| hydrogenase
maturation protein; Nmul_A1669 (hypE), hydrogenase expression/formation protein; Nmul_A1670 to Nmul_A1673, four subunits of hydrogen
dehydrogenase (EC 1.12.1.2) (Nmul_A1670 [hoxF], NAD-reducing hydrogenase [diaphorase] and 51-kDa alpha subunit; Nmul_A1671 [hoxU]
ferredoxin gamma subunit Nmul_A1672 [hoxY], coenzyme F420-reducing delta 20-kDa small-subunit; Nmul_A1673 [hoxH], large-subunit);
Nmul_A1674, unknown with N-terminal signal sequence and C-terminal PEP motif; Nmul_A1675 (hoxW), hydrogenase maturation peptidase;
Nmul_A1676, GCN5-related acetyltransferase coenzyme A-binding transcriptional activation; Nmul_A1677, unknown function with N-terminal
signal sequence and C-terminal PEP motif. (B) Urease-encoding cluster and regulatory regions, including the genes from Nmul_A1233 to
Nmul_A1246 (Nmul_A1233-1246; genes are abbreviated by their last four numbers), and their products or functions are as follows: Nmul_A1233,
TonB-dependent receptor; Nmul_A1234, putative transcriptional regulator and CopG family of nickel-responsive regulators; Nmul_A1235,
two-component transcriptional regulator LuxR (regulatory protein, response regulator receiver containing a CheY-like receiver domain and a
helix-turn-helix DNA-binding domain); Nmul_A1236, periplasmic sensor signal transduction histidine kinase; Nmul_A1237, FmdC precursor and
urea-responsive OM porin; Nmul_A1238, accessory protein UreD; Nmul_A1239 to Nmul_A1241, structural subunits UreA, UreB, and UreC,
respectively; Nmul_A1242 to Nmul_A1244, accessory proteins UreE, UreF, and UreG, respectively; Nmul_A1245, urea transporter; Nmul_A1246,

transcriptional regulator, putative ATPase, winged helix family.

for the second NDH-1 complex in N. oceani (37). In contrast
to the scenario in N. oceani, for which Klotz et al. (37)
proposed that the forward NDH-1 function was coupled to
NADH generated via a sodium circuit, the forward exten-
sion of the electron transport chain in N. multiformis might
be coupled to H, as the electron donor because N. multi-
formis uniquely harbors genes encoding a hydrogenase (see
below). The N. multiformis genome encodes several heme-
copper oxidases (HCOs) that likely function as the terminal
oxidase for respiratory electron disposal (complex IV). The
genome contains three gene clusters that encode caa;-type
HCO: one cluster of genes encoding four subunits
(Nmul_A0183 to Nmul_A0185 and Nmul_A0187) and two
clusters that lack subunit IV (Nmul_A0458 to Nmul_A0460
and Nmul_A1775 to Nmul_A1777). In addition to gene clus-
ters encoding caa,-type HCOs, the N. multiformis genome
also contains a gene cluster (Nmul_A2666 to Nmul_A2668)
that encodes a novel HCO, termed sNOR, since it is likely
reducing NO rather than oxygen (63). This gene cluster
norSY-senC has been found in all of the AOB genomes and
in the genomes of a few other chemolithotrophs including
the nitrite oxidizer Nitrobacter hamburgensis. The SenC pro-

tein has been implicated in the function of HCO in other
organisms (63). Interestingly, one of the gene clusters en-
coding a caas-type HCO (Nmul_A0458 to Nmul_A0460) is
preceded by genes encoding an additional SenC
(Nmul_A0454) and a class I cytochrome ¢ (Nmul_A0456),
which may constitute yet another functional module. Over-
all, the genome contains 34 CDS that contain CxxCH heme-
coordination motifs indicative of cytochrome ¢ (see Fig. S1
in the supplemental material).

(v) Hydrogenase. N. multiformis is the first AOB genome
found to contain a gene cluster encoding a putative [NiFe]-
hydrogenase (EC 1.12.1.2). The putative regulon includes 15
genes (Nmul_A1662 to Nmul_A1676), encoding structural and
accessory proteins as well as transcriptional regulators (Fig. 2A).
The deduced sequence of the large subunit (Nmul_A1673) is
most similar to proteins deduced from the genome sequences of
Magnetospirillum magnetotacticum strains Ms-1 and AMB-1
(Magn03008384 and Amb3396), Dechloromonas aromatica RCB
(Daro_0982), and Methylococcus capsulatus Bath (MCAO0114);
however, all of these organisms contain the inventory for more
than one hydrogenase. In M. capsulatus Bath, hydrogenase was
involved with membrane-associated H, uptake (20, 29). Signature
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sequences (L1 and L2) in the large-subunit protein place the N.
multiformis hydrogenase in class 3d of bidirectional NAD-linked
hydrogenases (69). These enzymes are heterotetrameric and are
soluble or loosely attached to membranes. In the facultative litho-
autotroph Ralstonia eutrophus H16, this type of hydrogenase cou-
ples hydrogen oxidation to NAD reduction, supplying reducing
power (56). As mentioned above, the hydrogenase in N. multifor-
mis may function as the donor of reducing power that drives a
complete electron transport chain including a forward-operating
complex I, thereby decreasing the need for reverse electron flow
and increasing the overall energy yield from ammonia oxidation.
This may be considered a niche-specific adaptation to the aerobic/
anaerobic interface common to soil and sediment environments.

(vi) Nitrogen oxide metabolism. N. multiformis, like N. eu-
ropaea and N. eutropha, is capable of reducing nitrite to NO to
N,O under oxic to microoxic conditions in a process known as
nitrifier denitrification (23, 58). The observed levels of N,O
production from nitrite by N. multiformis were generally less
than those by N. europaea but were still significant (58).
Orthologs to copper-containing nitrite reductase, nirK
(Nmul_A1998), and nitric oxide reductase, norCBQD
(Nmul_A1256 to Nmul_A1253) were identified in the N. mul-
tiformis genome sequence. As with N. europaea, no CDS were
identified with strong similarity to known dissimilatory nitrate
(EC 1.7.99.4) or nitrous oxide reductases (EC 1.7.99.6), con-
sistent with the physiological evidence that N. multiformis does
not reduce nitrate or N,O.

The nirK gene of N. multiformis is phylogenetically distinct
from nirK of N. europaea and N. oceani, indicating that this
gene originated from a different evolutionary or gene transfer
event (15). The N. multiformis nirK gene exists as a singleton,
rather than as a member of a multigene cluster as found in N.
europaea and N. eutropha, and its promoter region lacks a
regulatory binding motif for NO, - or NO-responsive tran-
scription factors, such as NsrR, DNR (dissimilative nitrate
respiration regulator), or NnrR (8, 15, 55). NirK of N. multi-
formis is predicted to differ structurally from NirK in N. euro-
paea and N. oceani in that it contains two (rather than one)
type 1 Cu ligands, one related to plastocyanin at the N termi-
nus and one related to nitrite reductase at the C terminus (15).
These distinctive features indicate that NirK of N. multiformis,
along with related NirK of other Nitrosospira spp. (15), may
function differently and/or be expressed in response to differ-
ent environmental signals than NirK of N. europaea or N.
oceani.

The nitric oxide reductase norCBQD genes of N. multiformis
are highly divergent from those of other AOB. For example, the
catalytic NorB subunit is only 41 and 42% similar to the NorB of
N. europaea and N. oceant, respectively, and 71% similar to NorB
of the chemolithotrophic sulfur oxidizer Thiobacillus denitrificans.
No studies have yet been conducted on NO reduction in N.
multiformis or any other Nitrosospira spp. to assign a specific role
to this enzyme in aerobic or anaerobic metabolism of NO. N.
multiformis lacks an ortholog to the panl-type multicopper oxi-
dase that is associated with 77K in a multigene cluster in N.
europaea and N. eutropha and resides close to a gene encoding
cytochrome P460 in N. oceani. Unlike the other sequenced AOB,
N. multiformis lacks an ortholog encoding cytochrome P460.
However, an ortholog encoding the periplasmic nitrosocyanin
protein (Nmul_A1601) was found; this ortholog is exclusive to the
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AOB and has structural features implicating involvement in NO
or N,O metabolism (6).

(vii) Energy and carbon storage. N. multiformis has been
shown to deposit glycogen primarily in the peripheral compart-
ments of the cell (71). Genes encoding the functions for gly-
cogen formation and utilization, including ADP-glucose pyro-
phosphorylase, glycogen synthase, 1,4 alpha-glucan branching
enzyme, alpha-glucan phosphorylase, and glycoside hydrolase,
are clustered (Nmul A0715 to Nmul A0719). Gene
Nmul_A0382 encodes a polyphosphate kinase, indicating that
N. multiformis can use polyphosphate as a source of energy.
Additionally, an ATP-NAD kinase may catalyze the phosphor-
ylation of NAD to NADP utilizing inorganic polyphosphate as
a source of phosphorous (Nmul_A2422). The potential inte-
gration of polyphosphate and pyrophosphate into energy me-
tabolism has also been reported recently for N. oceani (37). No
genes for the synthesis of polyhydroxyalkonates (i.e., polyhy-
droxybutyrate) were found. As in the other AOB (2, 44), there
are genes in N. multiformis that encode sucrose synthase
(Nmul_A2266) and sucrose phosphate synthase/phosphatase
(Nmul_A2267). Sucrose is known to be a compatible solute for
resistance to moderate osmotic stress in bacteria (42) and also
functions as a storage reserve in cyanobacteria (44).

Nitrogen metabolism. (i) Nitrogen assimilation. The pres-
ence of a gene coding for an NADP " -specific glutamate de-
hydrogenase (Nmul _A2447) suggests that when the external
ammonium concentration is high (i.e., >1 mM), assimilation
would be primarily via this low-affinity system. Since these
levels are unlikely in soil solution except after recent fertilizer
additions, it is not surprising that several options exist for
high-affinity ammonia assimilation. In N. multiformis, these
include a GS-GItS system (glutamine synthetase-glutamate
synthase, which is also known as GS-GOGAT), with a ferre-
doxin-dependent glutamate synthase (68) and several aspara-
gine synthases. The GS-GItS system genes include those encod-
ing glutamine synthetase gln4 (Nmul_A2288) and two possible
genes for glutamate synthase (GItS) of the ferredoxin type more
typical of cyanobacteria (Nmul A1804 and Nmul A1542).
Nmul_A1542 is orthologous to genes found in N. europaea and N.
eutropha. Members in the complex regulatory pathway include
ginB (Nmul_A2536) encoding the regulatory protein PII, a glnD
gene (Nmul_A2633) encoding the PII uridyl transferase, and a
putative glnE (Nmul_A1058) encoding the glutamine synthetase
adenylating enzyme. The PII-encoding gene (glnB) occurs in a
cluster with other genes potentially associated with N metabolism
(peptidase and transaminase) although not with glnA4 as in many
proteobacteria. No PII-encoding gene was identified in N. euro-
paea (16). Multiple pathways and complex regulatory schemes for
N assimilation are likely crucial for responsiveness to variable and
often limiting ammonia/ammonium supplies in soil environments.

Two nonclustered genes with similarity to assimilatory
NAD(P)H-nitrite reductase, nirB, were identified (Nmul_A0171
and Nmul_A0355). Assimilatory nitrite reductases are gener-
ally encoded by nirBD; however, the N. multiformis genome
lacks a nirD homolog. nirB genes are present in the N. europaea
and N. eutropha genomes but absent from the genome of N.
oceani. In a dissimilatory nitrite reductase (nirK)-deficient mu-
tant of N. europaea, expression of the nirB gene was signifi-
cantly down-regulated relative to its expression in wild-type N.
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europaea (18), suggesting a functional, albeit uncharacterized,
role.

(ii) Amino acid metabolism. Amino acid metabolism path-
ways are quite similar to those identified in N. europaea (16).
For example, a superoperon for aromatic amino acid synthesis
has gene synteny with those found in N. europaea and Pseudo-
monas aeruginosa (16, 75), except that N. multiformis also has
a gene (Nmul_A2194) encoding a 3-deoxy-p-arabinoheptu-
losonate-7-phosphate synthase (EC 2.5.1.54) that is missing
from the cluster in N. europaea.

Interestingly, two pathways for Asn synthesis are indicated;
Nmul_A2519 and Nmul_A2668 encode two distinct Asn syn-
thases (EC 6.3.5.4); both are amidotransferases using glu-
tamine to convert L-Asp to Asn. These two asnB genes encode
proteins that are only 29% identical to each other, similar to
the two asnB genes found in N. europaea. Nmul_A2166 en-
codes an asparaginase (EC 3.5.1.1); this is one of the few
degradative amidohydrolases identified in the sequenced AOB
genomes. Together these observations suggest an important
role for Asn in N metabolism and possibly N storage in N.
multiformis. N. multiformis has both genes encoding the en-
zyme cyanophycin synthetase (Nmul_A2250 to Nmul_A2251)
and two paralogs for the exopeptidase cyanophycinase
(Nmul_A1689 and Nmul_A1900); the peptidase function is not
encoded in the other sequenced AOB genomes. In cyanobac-
teria, cyanophycin acts as a storage compound for N because
its Arg-poly(Asp) structure stores five N for every Arg-Asp (5).

In N. multiformis, 20 aminoacyl-tRNA synthetases have
been identified (11). A specific GInRS type (EC 6.1.1.18)
(Nmul_A2083) and two nondiscriminatory type GIXRS
(Nmul_A0797 and Nmul_A1604) were identified. No candi-
date for AsnRS (EC 6.1.1.22) was found in the genome. The
AspRS encoded by gene Nmul_A0603 does contain the GAD
domain typically found in AspRS involved in the indirect
transamination route to Asn-tRNA-*SN synthesis. Genes en-
coding a possible aspartyl/glutamyl-tRNA-Asn/Gln amido-
transferase (gatCAB [Nmul A0321 to Nmul A0323]) are
found, so indirect routes for charging both Asn and GIn are
possible. It is somewhat surprising but not without precedent
(46) that multiple asnB genes are present in an organism with-
out an identifiable AsnRS. This suggests that Asn synthesized
by the various AsnB proteins are incorporated by direct enzy-
matic, nonribosomal pathways for specialized functions.

(iii) Urea and polyamine cycling. Urease- and urea carbox-
ylase-encoding genes are present in the N. multiformis genome.
The ure operon (ureABC) and accessory genes (ureD and ure-
EFG) (Fig. 2B) are very similar in sequence and arrangement
to those described for Nitrosospira sp. strain NpAV (40).
Genes encoding an outer membrane (OM) porin responsive to
urea (fimdC) and urea transporter membrane protein (Utp)
were identified. The predicted Utp (321 aa) has 10 transmem-
brane a-helix segments with conserved loops that likely play a
functional role in pore formation (47) and is 71% similar to the
Utp from N. europaea. The vicinity of Utp in N. europaea is
characterized by evidence of genomic rearrangement, includ-
ing an integrase, frameshifts, and truncated remnant genes
indicative of the loss of the urease-encoding genes through
reductive genome evolution (2). In N. multiformis, a complex
regulatory control of urea transport and ure gene transcription
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by a two-component regulatory system and sensor proteins is
indicated by the neighboring genes (Fig. 2B).

The biotin-containing urea carboxylase (Nmul_A(0943) is
followed by a putative allophanate (carboxyurea) hydrolase
(Nmul_A0944). These two genes are similar to those found in
Oleomonas sagaranensi (34) and Pseudomonas sp. strain ADP
(57) that have verified urea carboxylase and allophanate hy-
drolase functions. Together, these may function as an ATP-
dependent pathway for urea conversion to ammonium and
bicarbonate such as mediated by urea amidolyase. N. europaea,
N. eutropha, and N. oceani lack the ortholog for allophanate
hydrolase, although their putative urea (biotin) carboxylase-
encoding genes are 69% identical to their orthologs in N.
multiformis. The presence of ureolytic capacity in N. multi-
formis in contrast to the nitrosomonads (N. europaea and N.
eutropha) (40, 63) is adaptive for soil environments experienc-
ing fluctuating urea concentrations and/or acidic pH (14, 51).

While N. oceani possesses the inventory for a complete urea
cycle (37), in N. multiformis the gene encoding arginase (EC
3.5.3.1) was not identified, suggesting that the urea cycle is
incomplete as was the case in N. europaea (16) and N. eutropha
(63). The N. multiformis genome, however, encodes other en-
zymes involved in Arg metabolism, including two putative Arg
decarboxylases (EC 4.1.1.19), acetylornithine transferase (EC
2.6.1.11), ornithine carboyltransferase (EC 2.1.3.3), and argi-
nosuccinate synthase (EC 6.3.4.5) (Nmul_A1040 to
Nmul_A1043). The presence of a second arginine decarboxy-
lase-encoding gene (Nmul_A2669 [see Fig. S2 in the supple-
mental material]) and this putative enzyme complement are
distinct from those in the other AOB and are likely related to
differences in urea, polyamine (48), and cyanophycin metabo-
lism in N. multiformis. Arg decarboxylases are also known to
function in acid tolerance which may be an important ecolog-
ical trait in soil AOB. The polyamine synthesis and transport
functions that are encoded in the genome may have additional
roles in the metabolism of cytoplasmic protectants under water
potential stress conditions experienced in soil environments.

Cell structure and meotility. (i) OM, capsule, and exopo-
lysaccharides. Lipopolysaccharide (LPS) is a complex mole-
cule found in the OMs of gram-negative bacteria generally
consisting of the O side chain, core oligosaccharide, and lipid
A. The lipid A and 2-keto-3-deoxyoctonic acid components are
thought to be required for viability (5, 22). Pathway- and en-
zyme-encoding genes involved in the synthesis of the O side
chain-specific and core oligosaccharides were identified. Al-
though a lpx4 gene (Nmul_A2199) encoding the essential en-
zyme for the first step of biosynthesis of lipid A was found,
genes encoding a disaccharide synthetase (LpxB), deacetylase
(LpxC), or acylase (LpxD) for biosynthesis of lipid X were not
clearly identified, suggesting that the LPS structure may be
different or synthesized differently in this soil organism. The
gene complement for fatty acid biosynthesis is similar to that in
N. europaea (16).

Bacteria growing in microcolonies and in biofilms on soil
surfaces often have capsules and are embedded in large
amounts of EPS. Capsular polysaccharides are typically glyco-
lipids with phospholipid membrane anchors in the OM. Three
clusters of genes encoding putative proteins with roles in pro-
duction of EPS, LPS, and capsule synthesis were identified
(Fig. 3). One cluster spanning from Nmul A0238 to
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FIG. 3. EPS, LPS, and capsule clusters in N. multiformis. (A) Nmul_A0238 to Nmul_A0262 (Nmul_A0238-0262). EPS cluster with similarity
to cluster in Methylobacillus sp. strain 12S (AB062506). Gene designations for orthologs in Methylobacillus sp. strain 12S are given, and genes
essential for the production of the EPS methanolan in Methylobacillus sp. strain 128 are highlighted. (B) Putative EPS and LPS cluster including
Nmul_A2530 to Nmul_A2515 (Nmul_A2530-2515) and their putative products and functions are as follows: Nmul_A2529, polysaccharide export
to OM protein; Nmul_A2528, EPS biosynthesis chain length determinant similar to Wzz; Nmul_A2527, capsular polysaccharide biosynthesis
protein; Nmul_A2526, signal peptide motif for secreted protein of unknown function; Nmul_A2525, type II transport ATPase; Nmul_A2524,
polysaccharide deacetylase; Nmul_A2523, conserved hypothetical protein; Nmul_A2522, glycosyltransferase; Nmul_A2521 (epsH), EpsH (EPS
locus protein H) involved in processing proteins to OM locations; Nmul_A2520, glycosyltransferase group 1, similar to wapH in P. putida
(PP_4943); Nmul_A2519, asparagine synthase; Nmul_A2516, methyltransferase; Nmul_A2515, FkbH domain membrane protein involved in
bacterial cell division. (C) Nmul_A0264-0292 putative EPS and LPS gene clusters. Nmul_A0264 to Nmul_A0292 (Nmul_A0264-0292) putative EPS
and LPS gene clusters encoding proteins are shown as follows: Nmul_A0264 to Nmul_A0267, synthesis of dTDP-L-rhamnose (1fbBDAC);
Nmul_A0268, fatty acid desaturase; Nmul_A0270, UDP-glucose/GDP-mannose dehydrogenase; Nmul_A0271, polysaccharide biosynthesis CapD;
Nmul_A0277, dolichyl-P-beta-D-mannosyl transferase; Nmul_A0278 to Nmul_A0292, several glycosyltransferases, capK gene, and a polysaccharide

biosynthesis protein often implicated in polysaccharide capsule biosynthesis.

Nmul_A0262 is unique among the sequenced AOB but has a
similar gene arrangement and highest encoded product simi-
larity to genes identified as essential to the synthesis of the EPS
methanolan (a polymer of glucose, mannose, and galactose) in
Methylobacillus sp. strain 125 (76) (Fig. 3A). The two clusters
shown in Fig. 3B and C are at least partially represented in the
other sequenced AOB. The production of N-linked glycopro-
teins may be facilitated by the presence of Asn synthase in the
cluster of EPS-related and capsular genes (Fig. 3B). Also in
this cluster is Nmul_A2520 that has similarity to the Pseudo-
monas putida (PP4943) wapH gene that has been implicated in
LPS core synthesis and competitiveness in the biofilm niche
(30). The third cluster (Fig. 3C) contains genes encoding the
pathway for the synthesis of dTDP-L-rhamnose and several
cap genes often implicated in polysaccharide capsule biosyn-
thesis. In addition to these three -clusters, two genes
(Nmul_A0410 and Nmul_A0408) that encode synthesis of N-
acetyl neuraminic acid and the capsular homopolysaccharide
sialic acid were found. Overall, N. multiformis has the highest
number (70) of CDS associated with carbohydrate active en-
zymes or binding modules among the sequenced AOB (http:
/www.cazy.org/ [19]).

N. multiformis has 39 proteins that belong to The Institute

for Genomic Research (TIGR) PEP-CTERM family (TIGR
02595), a family identified by the novel conserved C-terminal
domain with characteristics of protein sorting signals (28). Pro-
teins with this designation are associated with gram-negative
bacteria from soil and sediment environments capable of EPS
synthesis, and all have orthologs encoding EPS locus protein H
(EpsH) (Fig. 3). The putative function for the PEP-CTERM
proteins is to aid in the targeting and transport of molecules
through the inner membrane functioning similarly to the
LPXTG/sortase systems in gram-positive bacteria (49). Many
of the transported molecules may travel further to the OM and
the cell exterior. Periplasmic glucans are adaptive for bacteria
that undergo hypo-osmotic stress (upshock after rainfall) but
may have additional roles in virulence and motility (54, 66). A
gene encoding a putative cyclic beta-1,2-glucan synthetase was
found (Nmul_A1183) containing five transmembrane helices
and a glycosyltransferase motif.

(i) Motility, chemotaxis, and attachment. Planktonically
grown N. multiformis have 1 to 20 peritrichously located fla-
gella (71), but these may not be evident in more typical biofilm
growth. The motility and chemotaxis genes are contained in
numerous operons within a three-tiered regulatory structure
similar to that in other proteobacteria. A large region
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TABLE 4. Summary of the 187 regulatory proteins in
N. multiformis®

No. of
Category genes
Transcription/elongation/termination factors...........ccccccevuvvvvviencnnne. 98

Sigma factors
Anti/anti-anti-sigma factors .....c.coceveeereeeererireenreeereneceneeeeneeeene
Termination/antitermination factor .
Elongation factors .......cccceeeeerenueenirinecenircr e
Transcription factors ........coeevereeeriririnirieieee s

Signal transduction Proteins..........cccceeeivieriiviciniinicisiceecceens 89
Chemotaxis signal transduction proteins..........ccccoeeecueucueencnnes 6
Chemotaxis sensory transducers (IeCeptors)........coouuerruvuuennns 1

Other chemotaxis signal transduction proteins .
Nonchemotaxis signal transduction.............c........

Signal transduction histidine Kinases ........c.coecceeveeveecnruererennnnene 23
Cyclic nucleotide signal transduction.............ccecoevvieecuiiriinucnenns 21
PTS NTR regulator”

MISCEIANEOUS ...ttt es s eaees

“ A detailed listing is available in Table S1 in the supplemental material.
Associations and details of individual sensory transduction and regulatory re-
sponse systems are available in Table S2 in the supplemental material.

® PTS NTR regulator, phosphotransferase system nitrogen regulator.

(Nmul_A1305 to Nmul_A1357) starting with global regulatory
transcriptional activators (FIhD and FIhC) is associated with
flagellar synthesis, assembly, and regulatory control. Genes
encoding a putative major pilus assembly protein PilA
(Nmul_A2475) and several for PilF were found, although these
may be involved in as yet uncharacterized membrane struc-
tures and filamentous secretory proteins. Nmul _A2575 en-
codes a large exoprotein (3,409 aa) similar to M. capsulatus
MCA2227 with a hemagglutination activity domain followed
by hemagglutinin repeat. Similar proteins have been impli-
cated in adhesion, cell aggregation, and heme utilization. Adja-
cent genes (Nmul_A2569 to Nmul_A2591) encode secretion
system proteins, surface antigens, pseudopilins, and other
functions associated with the OM.

Communication and interaction with the environment. (i)
Sensory and response regulator systems. The genome of N.
multiformis contains a large number of signal transduction and
sensory response systems of several types (39) (Tables 1 and 4).
There are multiple examples of two-component signal trans-
duction pathways that are used by bacteria to relay environ-
mental signals and regulate cellular functions, often by func-
tioning as transcription factors. The number and relative
abundance of signal transducers may indicate the ability of an
organism to adapt to diverse environmental conditions; soil
bacteria typically have complex systems (25). Of the AOB
examined to date, N. multiformis has both the highest absolute
number and relative abundance of these systems (Table 4). In
N. multiformis, signal transduction proteins include histidine
kinases, methyl-accepting chemotaxis proteins, Ser/Thr protein
kinases, adenylate and diguanylate cyclases, di-GMP phos-
phodiesterases, and adenylate cyclases. Some processes known
to be regulated by these systems include EPS synthesis, biofilm
formation, motility, and cell differentiation.

Acyl-homoserine lactones (AHL) are signal compounds that
have been previously identified as active in the AOB (7). In
contrast to the lack of a clear autoinducer synthase protein in
N. europaea, Nmul_A2390 encodes an autoinducer synthesis
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protein with more than 60% similarity to Lasl found in Burk-
holderia and Pseudomonas. Sequence motifs suggest that this
synthetase would produce a 3-oxo-homoserine lactone of in-
determinant chain length (26, 72). Interestingly, N. europaea
was responsive to 3-oxo-C6-homoserine lactone (7), although
3-oxo-homoserine lactone was not produced by N. europaea
under the assay conditions examined (13). AHL signaling is
known to be subject to cross talk and signal degradation in soil
environments (70), so investigations of AHL identity and func-
tion in the environment are warranted for AOB.

(ii) Transport and protein secretion. Similar to N. oceani,
approximately 10.5% (298 CDS) of the N. multiformis genome
is comprised of genes involved in active transport and protein
secretion (Table 5). Thirty percent (87) of these CDS are
subunits of type I ATP-binding cassette (ABC) transporters.
Nine complete uptake ABC transporters were identified for
sulfate/molybdate, phosphate, organic solvent, di- and oli-
gopeptides, polyamine, ferric iron, and divalent cation trans-
port. Nineteen ABC efflux systems were identified; these sys-
tems included numerous multidrug efflux pumps and multiple
systems for export of the OM and cell wall components.

Mechanisms for iron transport are essential for maintaining
the many cytochromes and putative heme-binding proteins
involved in ammonia-oxidizing metabolism. Approximately 29
genes were identified for active transport of iron in N. multi-
formis, compared to ca. 90 in N. europaea, 28 in N. eutropha,
and 22 in N. oceani (16, 37, 63) (Table 5). Of the iron trans-
porters, nine TonB-dependent iron siderophore receptors and
12 genes for the TonB/ExbB/ExbD-type energy transducers
were identified, most presumably functioning in uptake of fer-
ric iron. The other eight iron uptake genes were related to
components of ABC transporters for FeS cluster biosynthesis,
ferric iron uptake, siderophores, and ferric hydroxymate up-
take (see Table S3 in the supplemental material). Like N.
oceani, no orthologs to fecl-fecR-fecA gene clusters were iden-
tified in the genome of N. multiformis, compared to 22 such
iron transporter gene clusters found in N. europaea and a single
gene cluster found in N. eutropha. However, three unclustered
Fecl-like sigma-24 (Nmul_A1839, Nmul A1051, and
Nmul_A1746) and one FecR-like response regulator genes
(Nmul_A1046) were identified. A gene cluster for the trans-
port and synthesis of a complex siderophore similar to the
system producing pyoverdines in fluorescent pseudomonads
(53) was identified (see Fig. S3 in the supplemental material);
this was not found in any other sequenced AOB. This region is
preceded by a gene encoding Fecl (Nmul A1839), further
supporting a link to Fe-regulated siderophore production.

Transporters for inorganic nutrients, ions, and metals be-
sides iron were also identified (Table 5) (see Table S3 in the
supplemental material). For uptake of inorganic N, an ammo-
nia permease, a NarK nitrate/nitrite transporter of the major
facilitator superfamily (MFS), and a FNT-type nitrate/nitrite
transporter were identified. Sulfate transporters include an
ABC transporter, three periplasmic binding proteins, and a
MES transporter. Phosphate transporters include a complete
ABC transporter, unlinked components of ABC transporters,
and three phosphate-selective porins. For small-ion transport,
an ABC transporter for Mn**/Zn** was identified, as were ion
channels for Mg?*/Co®>* and heavy metals and five P-type
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TABLE 5. Transport-, efflux-, and secretion-related genes (265 total genes)®

Class” No. of genes General function®
ABC transporter 87 Uptake and efflux substrates/toxins
Complete uptake systems (9) with ATPase, 30 Sulfate/molybdate, spermidine/putrescine, ferric iron, phosphate, Mn?*/
inner membrane, and periplasmic Zn*", resistance to organic solvents (3), dipeptide/oligopeptide/nickel,
binding subunits cation/multidrug
Efflux pumps 35 Iron (cobalamin, Fe-S assembly, heme, siderophore), antimicrobial peptide,
multidrug, lysophospholipase L1 biosynthesis, polysaccharide/polyol
phosphate, protease/lipase, bacteriocin/antibiotic export
Periplasmic binding protein 7 Iron (hydroxymate), sulfate, branched-chain amino acid, organic solvents
Auxiliary proteins 4
Unknown or orphans 10
Pseudogene 1
P-ATPase 5 Cation uptake/efflux ATPase
Iron uptake 21
TonB/ExbB/ExbD 12
TonB-dependent receptors 9 Siderophore/cobamalamin
Transport of simple organic N compounds 14
Urea 1
FNT 1 Formate/nitrite
Na™/metabolite symporter 3
Na*/H* antiporter 2 NhaA, NhaD
K™ antiporter 4 TrkA
Antiporter flippases 3
Efflux 22
CDF 1 Co/Zn/Cd
CopD 2 Copper
TerC 2 Tellurium resistance
DMT superfamily 4 Cationic drug resistance
RND 13 Multidrug/cation/metals
Permease 24
Ammonia 1
MFS 10 Nitrate/nitrite, sulfate, and six uncharacterized efflux proteins
Tellurite resistance 1
Amino acid 2
YjgP/YjgQ 2
Uncharacterized 8
Potassium uptake 1 KUP
Transport of ions 13
Potassium 2
MgtE 6 Magnesium and cobalt transport
ZIP 1 Heavy metal cation transport
Mechanosensitive channel 2
Unknown 2
Porins 14
Phosphate 3 OprP
Carbohydrate 1 OprB
Lipoprotein 3
Polysaccharide 2
Other 5
Phosphotransferase 3 Fructose Ila, HPr, phosphoenolpyruvate phosphotransferase
Protein secretion 17 Sec pathway and TAT translocases
Type 1I secretion 28 General protein secretion/pilus formation
Type 111 secretion 11 Flagellum biosynthesis
Type 1V secretion 5 TraG; DNA transfer during conjugation

“ Details of genes and COG designations are available in Table S3 in the supplemental material.
> TNT, formate nitrate transporter; CDF, cation diffusion facilitator; DMT, drug metabolite transporter; RND, resistance nodulation division; MFS, major facilitator

superfamily; ZIP, zinc transport (Zrt/Irt-like proteins).

¢ Nha, Na®/H™" antiporter; Trk, transmembrane potassium transporter; KUP, potassium uptake protein; TAT, twin-arginine translocation.
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ATPases for cation uptake/efflux. A single NhaA Na*/H" an-
tiporter was identified, along with a Na™* symporter.

K™ transport is thought to be an important property of soil
bacteria that must acclimate to rapid changes in osmotic stress
during wetting and drying of soil. A TrkA (low-affinity) K*
transport system was identified in N. multiformis along with a
KUP-type K* uptake system. An ortholog to this K* trans-
porter was found in the genome of N. eutropha, but not in the
genomes of N. europaea and N. oceani. Two genes encoding
mechanosensitive ion channels were found, which are thought
to be involved in protecting bacterial cells from hypo-osmotic
shock.

Systems for uptake of simple organic N compounds were
identified including the following: a urea transporter (de-
scribed above), an ABC transporter for uptake of dipeptides/
oligopeptides, a periplasmic binding protein for branched-
chain amino acids, and two amino acid transporters. A
carbohydrate-selective barrel porin most similar to those from
Ralstonia (OprB [Nmul_A2120]) was found in the genome of
N. multiformis, but not in the genomes of other sequenced
AOB. OprB porins are generally used for sugar transport
across bacterial membranes. Like N. europaea and N. oceani,
N. multiformis also has orthologs to the three components of
the phosphotransferase-type phosphotransferase sugar trans-
port system: a mannose/fructose-type Ila specific component, a
HPr kinase/phosphorylase, and a phosphoenolpyruvate pro-
tein kinase (encoded by Nmul_A0218 to Nmul_A0220). This
relatively small complement of genes involved in organic nu-
trient uptake verifies the specialization of N. multiformis for a
chemolithotrophic lifestyle with some flexibility for uptake of
simple sugars possibly used directly in EPS.

Mechanisms for efflux of organic compounds and other tox-
ins are numerous in the N. multiformis genome (see Table S3
in the supplemental material). Among the ABC transporters,
gene clusters containing all three components were identified
for organic solvents and multidrug export. ABC efflux pumps
were identified for multidrug export, heme, antimicrobial pep-
tides, lipoproteins, bacteriocin, polysaccharide/polyol phos-
phate, organic solvents, protease/lipase, and lysophospholipase
L1 biosynthesis. Efflux pumps were also found for heavy met-
als, copper, and tellurium.

The N. multiformis genome encodes protein secretion com-
ponents of the Sec-dependent pathway, as well as components
of type II, III, and IV protein secretion systems (see Table S3
in the supplemental material). Transport of OM proteins
across the periplasm and targeting to the OM may be mediated
by the Skp-like chaperone (Nmul_A0666) and the associated
OM protein (Nmul_A0665) similar to YaeT in E. coli (22).
Two tolC genes that potentially code for OM secretion proteins
are present.

Conclusions: N. multiformis gene complement for the soil
niche. The genome of N. multiformis exhibits several features
that may be interpreted as adaptations for the soil niche. The
high number and complexity of response regulatory networks
and transporters indicate an extensive capacity for extracellu-
lar sensing and response and the acquisition of metals and
inorganic nutrients. Numerous systems for efflux of metals,
antimicrobial peptides, toxins, multidrug, and organic solvents
may represent an adaptation for responding to stresses found
in soils. The presence of both urease and hydrogenase gene
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clusters indicate a flexibility in electron donors for possible
energy production. The multiple copies of both amo and hao
gene clusters and their regulatory elements indicate respon-
siveness to fluctuating ammonium availability. Glycogen,
polyphosphate, sucrose, and cyanophycin may act in storage of
carbon, energy, and nitrogen useful during substrate limita-
tions for cell maintenance functions. The biofilm mode of
existence depends on EPS production, and significant gene
clusters are dedicated to this function. While the overall gene
complement in N. multiformis reflects its close phylogenetic
and functional relationship to N. europaea, its unique aspects
reflect its adaptation and evolution in the soil habitat.
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