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The gram-negative enteric bacterium Proteus mirabilis is a frequent cause of urinary tract infections in
individuals with long-term indwelling catheters or with complicated urinary tracts (e.g., due to spinal cord
injury or anatomic abnormality). P. mirabilis bacteriuria may lead to acute pyelonephritis, fever, and bacter-
emia. Most notoriously, this pathogen uses urease to catalyze the formation of kidney and bladder stones or
to encrust or obstruct indwelling urinary catheters. Here we report the complete genome sequence of P.
mirabilis HI4320, a representative strain cultured in our laboratory from the urine of a nursing home patient
with a long-term (>30 days) indwelling urinary catheter. The genome is 4.063 Mb long and has a G�C content
of 38.88%. There is a single plasmid consisting of 36,289 nucleotides. Annotation of the genome identified 3,685
coding sequences and seven rRNA loci. Analysis of the sequence confirmed the presence of previously identified
virulence determinants, as well as a contiguous 54-kb flagellar regulon and 17 types of fimbriae. Genes
encoding a potential type III secretion system were identified on a low-G�C-content genomic island containing
24 intact genes that appear to encode all components necessary to assemble a type III secretion system needle
complex. In addition, the P. mirabilis HI4320 genome possesses four tandem copies of the zapE metalloprotease
gene, genes encoding six putative autotransporters, an extension of the atf fimbrial operon to six genes,
including an mrpJ homolog, and genes encoding at least five iron uptake mechanisms, two potential type IV
secretion systems, and 16 two-component regulators.

Proteus mirabilis is not a common cause of urinary tract
infections (UTI) in normal hosts (65). Surveys of uncompli-
cated cystitis or acute pyelonephritis show that P. mirabilis
causes only a few percent of cases. Even in patients with re-
current UTI, the incidence of infection by this organism is only
a few percentage points higher. However, this organism infects
a very high proportion of patients with complicated urinary
tracts, that is, urinary tracts with functional or anatomic ab-
normalities or with chronic instrumentation. In these patients,
not only does this bacterium cause cystitis and acute pyelone-
phritis (20–22, 65, 73), but the production of urinary stones, a
hallmark of infection with this organism (23), further compro-
mises the already complicated urinary tract. P. mirabilis has
sporadically been reported to be a causative agent of bacter-
emia and nosocomial infections (59); additional evidence sug-
gests that this species is associated with rheumatoid arthritis
(62).

P. mirabilis is a highly motile gram-negative bacterium (52).
The ability of P. mirabilis to differentiate from short vegetative
swimmer cells to an elongated, highly flagellated swarmer
form, originally noted by Hauser in 1885, is a distinctive fea-
ture of this organism (63). P. mirabilis is well known to micro-
biologists as the species that forms a bull’s-eye pattern on an
agar plate as it swarms over the entire surface of the medium,
although the swarm morphotype is rarely found in the urinary
tract (28).

On the other hand, adherence is also a key virulence prop-
erty of P. mirabilis. This organism attaches to and swarms
across the surface of urinary catheters to gain a foothold in the
urinary tract (32). Once within the bladder, bacteria counteract
the flushing motion of urine flow by attaching to epithelial cells
(29). Adherence factors may also play a role in the ability of
this organism to colonize the kidneys or cross the renal barrier
into the bloodstream. Five fimbriae have been described to
date for P. mirabilis: mannose-resistant Proteus-like (MR/P)
fimbriae (1, 6), uroepithelial cell adhesin (UCA) or nonagglu-
tinating fimbriae (NAF) (17, 79), P. mirabilis fimbriae (PMF)
(1, 48), ambient-temperature fimbriae (ATF) (46), and P.
mirabilis P-like pili (PMP) (11). MR/P fimbriae, UCA, and
PMF have been shown to play a role in UTI pathogenesis in
virulence studies (6, 48, 79). Among these, the MR/P fimbriae
have been best studied. During infection, these phase-variable
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fimbriae are selected for and contribute significantly to the
fitness of P. mirabilis (6, 81).

Clinically, P. mirabilis is perhaps best known for its ability to
form stones in the bladder and kidney (40), as well as its ability
to form crystalline biofilms on the outer surface and in the
lumen of indwelling urinary catheters (57). Urolithiasis (stone
formation), a major clinical problem in patients infected with
P. mirabilis, is caused by the induction of urease, which hydro-
lyzes urea to ammonia, causing the local pH to rise and sub-
sequent precipitation of magnesium ammonium phosphate
(struvite) and calcium phosphate (apatite) crystals (23, 56, 57).
The stones resulting from aggregation of such crystals compli-
cate infection for three reasons. First, P. mirabilis caught within
the interstices of the forming stones is difficult to clear with
only antibiotics. Second, a stone serves as a nidus for non-P.
mirabilis bacteria to establish UTI, which also are difficult to
eradicate. Third, a stone can obstruct urine flow; pelvic and
renal stones are often associated with pyonephrosis and/or
chronic pyelonephritis.

We and other laboratories have previously identified viru-
lence determinants based on prominent phenotypes such as
hemolysis, adherence, and motility (5, 6, 15, 46, 47, 54, 55, 71).
Genetic screens including signature-tagged mutagenesis have
uncovered additional virulence properties with more subtle in
vitro phenotypes (13, 82). The complete nucleotide sequence
now defines each coding sequence (CDS) in the bacterium and
opens the door for a more thorough analysis of its strategy for
pathogenesis. Here we describe the 4.063-Mb genome of P.
mirabilis HI4320 that was isolated from the urine of a nursing
home patient with a long-term (�30 days) indwelling urinary
catheter (31, 78). This strain is considered a low-passage clin-
ical isolate. The sequence reveals that P. mirabilis possesses
many features of a true pathogen and has refined the ability to
switch from multiple adherence mechanisms to a highly motile
state.

MATERIALS AND METHODS

Bacterial strain and culture conditions. P. mirabilis strain HI4320, a proto-
typical isolate that is representative of the species (54), was isolated at a con-
centration of �105 CFU/ml from the urine of an elderly female nursing home
patient with a long-term (�30 days) indwelling catheter (78). This scenario is
representative of where P. mirabilis is most commonly isolated in the United
States, the United Kingdom, and indeed worldwide. This strain has been the
subject of numerous virulence studies with the CBA mouse model of ascending
UTI, including a signature-tagged mutagenesis study in which over 3,000 mutants
were screened for attenuation of virulence (13, 82).

Genomic DNA preparation. P. mirabilis was cultured in 100 ml Luria broth
overnight at 37°C with aeration. The culture was split into 10 10-ml portions for
DNA isolation. Genomic DNA from strain HI4320 was isolated using Qiagen
Genomic-tips with the genomic DNA buffer set (Qiagen) according to the man-
ufacturer’s instructions. Purified DNA was pooled and quantified by spectropho-
tometry; an A260/A280 ratio of 2 was found, confirming the purity of the DNA
sample.

Cloning and sequencing. Genome assembly was obtained from 60,288 paired
end sequences (giving eightfold coverage) derived from seven genomic shotgun
libraries (four in pUC19 with insert sizes of 2.6 to 3.0, 3.0 to 3.3, 3.3 to 4.0, and
2.0 to 4.0 kb; two in pMAQ1b_SmaI with insert sizes of 4.0 to 5.0 and 5.0 to 6.0
kb; and one in pBACehr with insert sizes of 25 to 40 kb) using dye terminator
chemistry with ABI3700 automated sequencers.

Sequence analysis, annotation, and comparative genomics. The sequence was
assembled, finished, and annotated as described previously (69), using Artemis
(66) to collate data and facilitate annotation. The DNA and predicted protein
sequences of P. mirabilis were compared to those of the sequenced Escherichia
coli genomes using the Artemis Comparison Tool (ACT) (14). Orthologous gene

sets were calculated by using reciprocal best-match FASTA comparisons with
subsequent manual curation. Pseudogenes had one or more mutations that
prevented translation; each of the inactivating mutations was checked against the
original sequencing data. Horizontally acquired DNA was identified by anoma-
lies in G�C content and GC deviation combined with the presence of mobility
genes, such as genes encoding integrases and transposases. Horizontally acquired
DNA was also identified by the Alien Hunter algorithm, which implements the
interpolated variable order motifs theory and predicts compositionally deviating
regions (74), and by anomalies in the G�C content and GC deviation. Addi-
tional analysis of the mrp and mrp� fimbrial operons and flagellar regulon was
conducted using Lasergene GeneQuest software (v.7.0.0; DNASTAR).

RNA extraction and Northern blotting. P. mirabilis HI4320 was cultured to
mid-exponential phase (optical density at 600 nm, 0.7). RNA was isolated by
using the method of Maroncle et al. (45). Briefly, 2 ml of a bacterial culture was
collected by centrifugation (6,000 � g, 8 min, 4°C). The bacterial pellet was
suspended in 10 mM morpholinepropanesulfonic acid (MOPS) (pH 7.3), 10 mM
KCl, and 5 mM MgCl2. An equal volume of a solution containing 20 mM MOPS
(pH 7.5), 40 mM EDTA, 200 mM NaCl, and 1% sodium dodecyl sulfate was
added, and the mixture was boiled for 2 min. Lysates were extracted twice with
phenol-chloroform-isoamyl alcohol (25:24:1). Then 0.05 volume of 1 M sodium
acetate was added, followed by 0.7 volume of 100% ethanol. The RNA was
allowed to precipitate for 20 min at �20°C and collected by centrifugation (9,500 �
g, 15 min, 4°C). The pellet was washed once with 70% ethanol, allowed to air dry,
and resuspended in RNase-free water. Contaminating DNA was removed with
DNase (Ambion).

Probes corresponding to 5S rRNA, the 5� and 3� ends of both 16S and 23S
rRNA, and an insertion sequence within some copies of 23S rRNA were con-
structed by PCR amplifying the chromosomal regions corresponding to rRNA
genes using oligonucleotide primers shown in Table S1 in the supplemental
material. These PCR amplicons were ligated into pCR2.1 (Invitrogen). E. coli
Top10 was electroporated with the ligation mixture, and plasmids with inserts
cloned in the orientation opposite to that of the T7 promoter were selected.
Plasmids were linearized with SpeI to facilitate transcription. The T7 promoter
was used to transcribe probes for Northern blotting using a DIG Northern starter
kit (Roche) according to the manufacturer’s instructions. Total RNA from
HI4320 was separated on a gel and hybridized with labeled probes according to
the DIG Northern starter kit protocol.

Nucleotide sequence accession numbers. The sequence and annotation of the
P. mirabilis chromosome and plasmid have been deposited in the EMBL data-
base under accession numbers AM942759 and AM942760, respectively.

RESULTS

General features of the P. mirabilis genome. The P. mirabilis
genome consists of a 4.063-Mb chromosome and a 36,289-
nucleotide (nt) plasmid (pHI4320) containing 3,685 and 55
CDSs, respectively. The origin of replication was assigned
based on the GC deviation of the genome and was found to be
between mioC (PMI3054) and gidA (PMI3055). The P. mira-
bilis chromosome is considerably smaller than the chromo-
somes of other Enterobacteriaceae (average, 4.6 Mb), including
uropathogenic strains of E. coli (CFT073, 5.23 Mb; UTI89,
5.21Mb; 536, 4.94 Mb). General features of the genome are
shown in Table 1, and schematic representations of the P.
mirabilis chromosome and plasmid are shown in Fig. 1 and 2,
respectively.

One of the most striking features of the HI4320 genome is
related to the seven complete rRNA operons; six of them are
16S-23S-5S operons, and one is a 16S-23S-5S-5S operon. Four
of the seven 23S rRNA genes have an intervening 173-nt se-
quence between nt 542 and 543 (Fig. 3A). The insertion ap-
pears to be removed and degraded during processing, resulting
in splitting of the 23S rRNA into 542- and 2,359-nt fragments.
Both the intact 23S rRNA from the three uninterrupted oper-
ons and the processed 542- and 2,359-nt 23S rRNA fragments
are visible when total RNA from P. mirabilis HI4320 is sepa-
rated on an agarose gel (Fig. 3B, lane 1). Northern blot analysis
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of P. mirabilis rRNA confirmed that the extra two rRNA spe-
cies compared to an E. coli RNA control are the processed 23S
rRNA fragments (Fig. 3C, lanes 23S-5� and 23S-3�). Further-
more, a probe specific for the insertion sequence does not
hybridize with any of the rRNA species, confirming the rapid
excision and degradation of this fragment (Fig. 3C, lane 23S-I).
Insertion sequences in P. mirabilis 23S rRNA have been re-
ported previously (51). The insertion in the 23S rRNA of strain
HI4320 appears to correspond with one of the previously re-
ported insertion sites in P. mirabilis (helix 25) (51).

P. mirabilis mobile/extrachromosomal genome. In addition
to the 4-Mb chromosome, P. mirabilis HI4320 was also found
to carry a plasmid. Not all P. mirabilis strains carry this plasmid
or other plasmids. The P. mirabilis HI4320 plasmid, designated
pHI4320, is highly related to R6K from E. coli (34) and en-
codes the � protein (encoded by PMIP01) and R6K replication
proteins (encoded by PMIP37 to PMIP39). Interestingly, two
independent transposon insertions in one of the plasmid CDSs
(PMIP09) that encodes a conjugal transfer protein were pre-
viously found to alter the virulence of P. mirabilis (13). Since it
is clear that this CDS is not involved in virulence per se, it is
possible that the plasmid carries other genes that might con-
tribute to virulence. The in silico analysis of the plasmid se-
quence did not reveal any obvious or known virulence factors.
However, the plasmid carries CDSs encoding a bacteriocin and
its immunity system (PMIP30 and PMIP31), which may confer
a competitive advantage to the bacterium in the urinary tract.

The genome sequence also revealed that other potentially
laterally acquired elements have also contributed to the ge-
nome evolution of this strain. These elements include both
prophage and genomic islands, some of which have an anom-
alous G�C content or GC skew compared to the surrounding
DNA. The genome contains three apparently complete pro-
phages (PMI0456 to PMI0530, PMI0892 to PMI0947, and
PMI1917 to PMI2007) and three degenerate prophages
(PMI0953 to PMI0967, PMI1710 to PMI1727, and PMI3468 to
PMI3493). In addition, the genome has a conjugative transpo-
son (PMI2423 to PMI2491) similar to the ICE R391 from
Providencia rettgeri (12) and another large genomic island
(PMI2549 to PMI2642) which encodes an adhesin (PMI2575),
as well as siderophore biosynthesis and transport genes
(nrpSUTABG).

Motility and chemotaxis. Interestingly, all flagellum-related
genes are located within a single 53.3-kb locus (Fig. 4). The
chemotaxis genes cheA, cheW, cheD, tap, cheR, cheB, cheY, and
cheZ are also located within this locus. The localization of all
flagellar genes within one contiguous locus is unusual, if not
unique, among bacterial species. This locus also includes six
CDSs (PMI1624 to PMI1628 and PMI1643) which encode
proteins with unknown functions; however, it is worth noting
that one of these CDSs (PMI1627) encodes a protein that is

weakly similar (26% amino acid sequence identity) to the ma-
jor fimbrial subunit (FloA) of CS18 fimbriae in E. coli (26).
The role played by these genes in motility, if any, remains to be
determined. Six other genes outside the flagellar locus encode
methyl-accepting chemotaxis proteins (PMI1180, PMI2380,
PMI2381, PMI2671, PMI2808, and PMI2809), and one aero-
taxis gene, aer (PMI2813), was identified. Genes encoding sev-
eral previously identified regulators of P. mirabilis flagellar
motility were also located in the chromosome, including umoA
(PMI3115), umoB (PMI3018), umoC (PMI1939), umoD
(PMI0876) (19), rssBA (PMI1696 and PMI1697) (35), wosA
(PMI0608) (25), and the rcsBCD regulatory system (PMI1729
to PMI1731) composed of genes encoding the sensor kinase
RcsC, the phosphotransfer intermediate protein RcsD (YojN)
(72) (also described as rsbA [42]), and the response regulator
RcsB (16).

Fimbriae and pili. Five fimbriae have been previously iden-
tified and studied to varying degrees: MR/P fimbriae (1, 6),
UCA (NAF) (17, 79), PMF (MR/K) (1, 5), ATF (46), and PMP
(11). Analysis of the HI4320 genome sequence revealed 12
additional previously undescribed chaperone-usher fimbrial
operons, bringing the total to 17 potential fimbriae encoded by
P. mirabilis (Table 2). Included in this list is an apparent du-
plication of the mrp operon immediately adjacent to mrpI (Fig.
5). The duplicated mrp operon, designated mrp�, does not
appear to have an invertible element in its promoter (38),
suggesting that expression of this operon is not responsive to
the MrpI recombinase. Interestingly, the previously character-
ized atf fimbrial operon (47) was described as having only three
genes (atfABC); the sequence revealed an additional three
genes in the operon (atfABCDEJ). This places P. mirabilis
among the bacteria encoding the most distinct types of fim-
briae. Ten of these fimbrial gene clusters encode homologs of
MrpJ, a repressor of motility (M. M. Pearson and H. L. T.
Mobley, submitted for publication).

In addition to the 17 fimbrial operons, there are 13 putative
orphan fimbrial genes that are not part of a complete operon.
PMI2622 to PMI2624 encode a fimbrial usher, a chaperone
containing a frameshift and two internal stop codons, and a
structural protein; this region likely comprises a cryptic fim-
brial operon. The other genes (PMI1033, PMI1627, PMI1812,
PMI1920, PMI1922, PMI1924, PMI1929, PMI2154, and
PMI3023) are isolated from other fimbrial genes but could act
in trans to further increase the variable complement of fim-
briae (33). Notably, PMI1627 is located within the flagellar
locus.

There are several genes which are potentially involved in the
assembly of type IV pili, such as genes encoding a putative
prepilin (PMI2315), a prepilin peptidase-dependent protein
(PMI2314), and a prepilin peptidase (PMI0342), suggesting
that P. mirabilis may produce one or more type IV pili.

TABLE 1. General features of the P. mirabilis genome

Genetic element Size (bp)
G�C

content
(%)

No. of
coding

sequences

Coding
density

Avg gene
size (bp)

No. of
insertion
elements

No. of rRNA
operons

No. of tRNA
genes

No. of
noncoding

RNA genes

No. of
pseudogenes

Chromosome 4,063,606 38.9 3,693 0.90 941 15 7 83 18 24
Plasmid 36,289 36.21 53 1.46 606 0 0 0 0 0
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FIG. 1. Circular representations of the genome of P. mirabilis. (A) The circles indicate (from the outside in) the positions of the following genes:
circles 1 and 2, all genes (transcribed clockwise and counterclockwise); circle 3, fimbrial operons; circle 4, mobile elements (pink, prophages; red,
integrative and conjugative elements; black, insertion elements); circle 5, RNA genes (blue, rRNA genes; red, tRNA genes); circle 6, G�C content
(plotted using a 10-kb window); circle 7, GC deviation ([G � C]/[G � C] plotted using a 10-kb window; khaki, values more than 1; purple, values
less than 1). (B) Comparison of P. mirabilis with other enteric genomes. The outer scale shows the positions (in bp). The circles indicate (from
the outside in) the positions of the following genes. Circles 1 and 2 show all genes transcribed clockwise and counterclockwise, respectively (for
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Nonfimbrial adhesins and toxins. P. mirabilis HI4320 pos-
sesses several genes that may encode adhesins; PMI1359 and
PMI2950 are similar (46 and 31% amino acid identity, respec-
tively) to the ail (attachment and invasion locus) gene of
Yersinia enterocolitica (50).

Six potential autotransporter (type V secretion system)
proteins are encoded by P. mirabilis HI4320. Three of these
proteins (encoded by PMI0844, PMI2126, and PMI2341) have
the canonical autotransporter C terminus (pfam03797) and
also possess serine protease motifs and thus may serve as
toxins. The other three putative autotransporters (encoded by
PMI2122, PMI2174, and PMI2575) are members of the tri-
meric autotransporter family (C terminus with the pfam03895
motif) (18) and appear to be adhesins.

In addition to the adhesins, the genome carries several CDSs
that potentially encode toxins. PMI0004 and PMI2043 encode
products with homology to the cytotoxin RtxA (43). Two con-
tiguous CDSs, PMI1747 and PMI1748, encode a binary toxin
similar to the apoptotic toxin XaxAB from the insect pathogen
Xenorhabdus nematophila (75). PMI0023 encodes a putative in-
timin/invasin. Three contiguous CDSs, PMI2028 to PMI2030,
encode a type I secretion system that may be involved in the
secretion of some of these toxins and adhesins, particularly the
two RtxA paralogs.

Genes encoding all the components necessary to form a type
III secretion system were identified (PMI2681 to PMI2704).
This type III secretion system, which does not appear to play a
role in the urinary tract, is described in more detail elsewhere
(61).

The genome also encodes two two-partner secretion systems
(PMI0592 and PMI0593; PMI2056 and PMI2057). The
PMI0592-PMI0593 system is similar to the cdiABI locus that
appears to encode a contact-dependent inhibition system. E.
coli strains that express this system are able to halt the growth
of other E. coli strains that lack cdiABI in a nonlethal manner
(4). The second two-partner secretion system (PMI2056 and
PMI2057) was previously identified as containing the hemoly-
sin genes hpmBA (71).

Other virulence factors. The previously characterized immu-
noglobulin A-degrading metalloprotease (zap) locus zapEABCD
(PMI0276 to PMI0281) (76) was found to have three addi-
tional copies of zapE at the beginning of the locus (PMI0282 to
PMI0285). The role of these zapE paralogs in Zap metallopro-
tease function has not been determined yet.

LPS and capsule. Although at least 74 O serogroups have
been identified for Proteus species (80), the structure of P.
mirabilis HI4320 lipopolysaccharide (LPS) has not been eluci-
dated yet. Table S2 in the supplemental material lists genes
predicted to be involved in LPS and enterobacterial common
antigen biosynthesis.

To date, the P. mirabilis capsular polysaccharide (CPS) has
been defined for only one strain, ATCC 49565; in this case, the
CPS was formed from the same structure as the LPS O chain
(10). Thus, it is likely that genes listed in Table S2 in the
supplemental material also contribute to P. mirabilis CPS for-
mation (PMI3187 to PMI3197). Additionally, the glycosyl
transferase gene cpsF (PMI3190) has been shown to contribute
to P. mirabilis CPS (24). Five genes implicated in the regulation
of capsule synthesis have been located in HI4320: rcsA
(PMI1680), rcsB (PMI1730), rcsC (PMI1731), rcsD (yojN/rsbA)
(PMI1729), and rcsF (PMI2262).

Iron acquisition. The genome encodes a large number of
proteins that are potentially involved in scavenging a wide
range of iron substrates. At least eight iron uptake loci were
annotated in the P. mirabilis genome, including afuCBA
(PMI0188 to PMI0190), sitDCBA (PMI1024 to PMI1027), the
B12 transporter locus btuCD (PMI1041 to PMI1042), the
hemin uptake system locus hmuR1R2STUV (PMI1425 to
PMI1430), the ferric siderophore receptor locus ireA (PMI1945),
and the ferrous iron transport locus feoAB (PMI2920 to
PMI2921). A possible heme-binding system is encoded by
PMI3120 and PMI3121, and a putative iron receptor is located

an explanation of the colors, see below). Circles 3 to 14 show the positions of P. mirabilis genes that have orthologs (as determined by reciprocal
FASTA) in E. coli UTI89, E. coli CFT073, E. coli 536, E. coli APEC O1, E. coli O157:H7 Sakai, E. coli E24377A, E. coli K-12, P. luminescens, K.
pneumoniae, S. enterica serovar Typhimurium, Y. enterocolitica, and Y. pseudotuberculosis, respectively. Circle 15 shows a plot of the G�C content
(plotted using a 10-kb window), and circle 16 shows a plot of GC deviation ([G � C]/[G � C] plotted using a 10-kb window; khaki, values more
than 1; purple, values less than 1). The positions of the following important regions (mentioned in the text) are indicated on the outermost circle:
putative toxins (black), fimbrial operons (red), Zap proteases (orange), flagella (dark blue), type III secretion system (purple), O antigen
biosynthesis (green), urease (light blue), and mobile elements (pink). Colors in both panels for genes in circles 1 and 2 indicate the following: dark
blue, cell processes, adaptation, or pathogenicity; black, energy metabolism; red, information transfer; dark green, surface associated; cyan,
degradation of large molecules; magenta, degradation of small molecules; yellow, central or intermediary metabolism; pale green, unknown; pale
blue, regulators; orange, conserved hypothetical proteins; brown, pseudogenes; pink, mobile elements; gray, miscellaneous.

FIG. 2. Circular representation of the P. mirabilis HI4320 plasmid.
Circles 1 and 2 (from the outside in) show all 55 CDSs transcribed
clockwise and counterclockwise, respectively. For an explanation of
the colors, see the legend to Fig. 1. Of particular interest, CDSs
indicated by pink encode a type IV conjugal transfer pilus, and CDSs
indicated by blue encode a proticin and immunity system.
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adjacent to a fecR homolog located at PMI3706-PMI3707.
There are also three other iron-related ABC transporters (en-
coded by PMI0229 to PMI0238, PMI2675 to PMI2677, and
PMI2957 to PMI2960) and 10 additional TonB-dependent
receptors (encoded by PMI0233, PMI0363, PMI0409,
PMI0842, PMI1548, PMI2596, PMI2618, PMI2619, PMI2680,
and PMI3246).

Intracellular stress. Three superoxide dismutases are en-
coded by the following P. mirabilis genes: sodA (PMI3036) (Mn
superoxide dismutase), sodB (PMI1397) (Fe superoxide dis-
mutase), and sodC (PMI1333) (CuZn superoxide dismutase).
Genes encoding catalase (katA; PMI1740), soxRS (PMI2705
and PMI1597), and oxyR (PMI3241) were also annotated in the
chromosome.

FIG. 3. (A) Alignment of the seven 23S rRNA gene copies in HI4320. The dotted lines indicate where an insertion is present in four of seven
copies of the 23S rRNA gene. Insertions are present in rRNA gene sequences 1, 2, 5, and 7. (B) RNA was isolated from P. mirabilis HI4320 and
uropathogenic E. coli strain CFT073 and resolved on a 1.5% agarose gel. Lane 1, HI4320 RNA; lane 2, CFT073 RNA. The positions of
double-stranded DNA molecular weight markers are indicated on the left. (C) Probes were designed to recognize the beginning and end of the
16S rRNA gene; the beginning, insertion sequence, and end of the 23S rRNA gene; and the 5S rRNA gene. These probes were used in a Northern
blot analysis of HI4320 RNA. The intervening sequence of the 23S rRNA gene is believed to be excised and degraded (51), leaving behind the
5� and 3� fragments, which appear as the second and fourth bands in the agarose gel in panel B.

FIG. 4. All genes that encode flagellar components are located in a 54-kb contiguous region of the HI4320 genome. There are 50 genes that
are known to be involved in flagellar structure, regulation, or chemotaxis in this locus. In addition, there are five hypothetical or unknown genes
between fliT and fliE (indicated by stippled arrows). It is unusual among the Enterobacteriaceae to find all the flagellar genes in one locus of the
chromosome. Class 1 genes are indicated by cross-hatched arrows, class 2 genes are indicated by filled arrows, and class 3 genes are indicated by
open arrows.
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Drug resistance. P. mirabilis HI4320 is known to be tetracy-
cline resistant and displays intermediate resistance to chloram-
phenicol. Genes conferring these resistance traits were located
in the genome; tetAJ (PMI2399) encodes a tetracycline resis-
tance protein, and cat (PMI0728) encodes chloramphenicol
acetyltransferase. Other potential resistance genes located in
the chromosome include a tellurite resistance operon (ter;
PMI2383 to PMI2393), the bicyclomycin (sulfonamide) resis-
tance gene bcr (PMI0829), a catB3-like putative acetyltrans-
ferase gene (PMI1693), and the kasugamycin resistance gene
ksgA (PMI2334). Genes involved in multidrug efflux or CDSs
that predict possible antimicrobial resistance are listed in Ta-
ble S3 in the supplemental material.

Metabolism. P. mirabilis has intact pathways for glycolysis,
the tricarboxylic acid cycle, gluconeogenesis, and the pentose
phosphate shunt. However, several redundant enzymes that
are present in these pathways in E. coli are missing in P.
mirabilis, including fumAB, tktB, talA, pfkB, and gpmI.

Arguably, the most important aspect of P. mirabilis metab-
olism is its ability to degrade urea. The urea-inducible urease
gene cluster PMI3681 to PMI3688 (ureRDABCEFG) encodes
a multimeric nickel-metalloenzyme that hydrolyzes the abun-
dant substrate in urine; this enzyme is required for virulence
and urolithiasis (stone formation) and has been well charac-
terized (27, 30).

The polyamine putrescine has been previously shown to act

as an extracellular signal required for swarming in P. mirabilis
(70). We identified two different likely pathways for the pro-
duction of putrescine by P. mirabilis. The first pathway involves
a single enzyme, ornithine decarboxylase (SpeF) (encoded by
PMI0307), which decarboxylates ornithine to form putrescine.
Interestingly, both import of the substrate (ornithine) and ex-
port of the product (putrescine) are mediated by a single pro-
tein, a putrescine-ornithine antiporter (encoded by PMI0306
[potE]). The second putrescine biosynthesis pathway includes
several steps, as shown in Fig. 6.

It is intriguing that P. mirabilis can potentially synthesize
urea (Fig. 6) and hydrolyze urea using its urease. It may be that
the synthesis of urea is useful when the bacterium is outside the
urinary tract and lacks this substrate. Another interesting pos-
sibility can be raised: in the presence of excess urea, one could
speculate that urea is consumed in the reverse reactions to
synthesize ATP for energy stores. If this pathway is indeed
reversible, this could also explain why P. mirabilis is rarely
found as swarmer cells in the urinary tract (28); excess urea
could lead to consumption of putrescine, which contributes to
swarming.

FIG. 5. The well-studied mrp fimbrial operon, mrpABCDEFGHJ, is required for full virulence in the CBA/J mouse model of ascending UTI
(6). The mrpI gene encodes a recombinase that controls the invertible promoter element for the mrp operon (38). Sequence analysis of the
completed HI4320 genome revealed a duplication of the mrp operon immediately upstream of mrpI. This mrp operon, currently designated mrp�
(open arrows), is missing the mrpB gene and the mrpI recombinase but otherwise is highly similar to mrp (filled arrows). The percentages of
similarity of the predicted MR/P� protein sequences to the MR/P protein sequences are indicated above the mrp� genes.

FIG. 6. Predicted generation of putrescine and urea from ammo-
nia. P. mirabilis HI4320 possesses seven genes potentially encoding a
pathway that converts ammonia, ATP, carbon dioxide, and water into
putrescine and urea in six steps.

TABLE 2. Chaperone-usher fimbrial operons

Genes Designation

PMI0254-PMI0261 ..................mrp� (66.7% identical at the nucleotide
level to mrp operon)

PMI0262-PMI0271 ..................mrp (mannose-resistant/Proteus-like
fimbria)

PMI0296-PMI0304 ..................Fimbria 3
PMI0532-PMI0536 ..................uca (uroepithelial cell adhesin); also

called naf (nonagglutinating fimbria)
PMI1060-PMI1067 ..................Fimbria 5
PMI1185-PMI1190 ..................Fimbria 6
PMI1193-PMI1197 ..................Fimbria 7
PMI1464-PMI1470 ..................Fimbria 8
PMI1877-PMI1881 ..................pmf (P. mirabilis fimbria); also called

MR/K
PMI2207-PMI2214 ..................Fimbria 10
PMI2216-PMI2224 ..................pmp (P. mirabilis P-like pili)
PMI2533-PMI2539 ..................Fimbria 12
PMI2728-PMI2733 ..................atf (ambient temperature fimbria)
PMI2997-PMI3003 ..................Fimbria 14
PMI3086-PMI3093 ..................Fimbria 15
PMI3348-PMI3352 ..................Fimbria 16
PMI3435-PMI3440 ..................Fimbria 17
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Regulation. Sixteen potential two-component regulator sys-
tems were identified and are summarized in Table S4 in the
supplemental material. There appears to be a surprising lack of
genes encoding synthesis or degradation proteins of the messen-
ger cyclic di-GMP. Only one gene (PMI3101) was found that
encodes a putative signaling protein with a GGDEF domain
(used in cyclic di-GMP synthesis). No genes encoding EAL or
HD-GYP domains, associated with the degradation of cyclic di-
GMP (64, 67), were found.

Genes encoding at least seven sigma factor subunits for
RNA polymerase have been identified in the genome. The
primary sigma factor RpoD (�70, �A) is encoded by PMI2372.
Genes encoding two sigma factors similar to those involved in
heat shock and cell envelope stress were identified: rpoH
(PMI3608) encoding the heat shock sigma factor �H or �32 and
rpoE (PMI1894) encoding �E or �24. An rpoN gene, encoding
a �54 sigma factor involved in nitrogen regulation, is encoded
by PMI3648. The rpoF (fliA, PMI1618) gene encodes �F (�28),
the class 2 activator in the flagellar cascade (Fig. 4). A FecR
homolog is encoded by PMI3708. Finally, the stress and sta-
tionary-phase sigma factor RpoS is encoded by PMI2236.

We also identified 18 small noncoding RNA genes that are likely
involved in several regulatory functions. Chief among these are two
copies of ryhB, which encodes a 90-nt RNA that down-regulates iron
storage and iron-using proteins under iron-limiting conditions (49).

Comparative genomics. The genome of P. mirabilis was com-
pared (by reciprocal FASTA) to the genomes of 12 members of
the Enterobacteriaceae, including seven E. coli strains (UTI89,
CFT073, 536, APEC O1, O157:H7 Sakai, E24377A, and K-12),
Photorhabdus luminescens, Klebsiella pneumoniae, Salmonella en-
terica serovar Typhimurium, Y. enterocolitica, and Yersinia pseudo-
tuberculosis (Fig. 1B). This comparison identified 784 CDSs that
are unique to P. mirabilis compared to the 12 enteric genomes

mentioned above (see Table S5 in the supplemental material).
Interestingly, a large number of these P. mirabilis-specific CDSs
encode virulence-related functions, such as fimbriae, adhesins,
autotransporters, O antigen, and proteases (see Table S5 in the
supplemental material).

Comparative genomic analysis also revealed 1,747 P. mirabilis
CDSs that are shared with the three sequenced genomes of uro-
pathogenic E. coli, the genomes of strains 536, UTI89, and
CFT073, including basic metabolic pathways. In addition, of the
131 genes that were previously identified as uropathogenic E. coli
specific (present in 10 uropathogenic E. coli strains but not in
three commensal strains) (44), 25 are present in P. mirabilis (Ta-
ble 3). Eleven of these genes are related to iron acquisition, a
critical virulence trait of uropathogens. Also, the genes encoding
an uncharacterized ABC transporter (PMI1480 to PMI1484) and
two regulatory systems (ibrBA [PMI0984 and PMI0985] [68] and
PMI2963) were found both on the uropathogenic E. coli-specific
list and in P. mirabilis HI4320.

Whole-genome alignment (using the ACT software) revealed
low levels of synteny and orthology between P. mirabilis and the
enteric bacteria mentioned above (an example of an alignment of
the genomes of P. mirabilis, E. coli UTI89, and Y. enterocolitica is
shown in Fig. S1 in the supplemental material; similar profiles
were observed when the whole genomes of P. mirabilis and other
enteric bacteria were compared). Thus, P. mirabilis appears to be
distantly related to the other sequenced enteric species.

DISCUSSION

P. mirabilis, a gram-negative enteric bacterium, is the first
bacterial agent of complicated UTI or catheter-associated UTI
to be sequenced. This opportunistic pathogen is well equipped
to colonize a compromised urinary tract. It can use urea as a

TABLE 3. P. mirabilis CDSs that are present in the set of 131 uropathogenic E. coli-specific genesa

Gene no. Designation Annotation CFT073 open
reading frame

PMI0229 ABC transporter, permease protein (FecCD transport family) c2516
PMI0984 ibrB Putative immunoglobulin-binding regulator c2484
PMI0985 ibrA Putative immunoglobulin-binding regulator c2485
PMI1233 Putative dihydrodipicolinate synthase c0761
PMI1426 hmuR2 Hemin receptor c4308 (chuA)
PMI1427 hmuS Hemin transport protein c4307 (chuS)
PMI1428 hmuT Hemin-binding periplasmic protein c4313 (chuT)
PMI1429 hmuU Hemin transport system permease protein HmuU c4317 (chuU)
PMI1480 ABC transporter, substrate-binding protein c5081
PMI1481 ABC transporter, permease protein c5080
PMI1482 ABC transporter, permease protein c5079
PMI1483 ABC transporter, ATP-binding protein c5078
PMI1484 ABC transporter, ATP-binding protein c5077
PMI2145 gatY Putative tagatose-1,6-bisphosphate aldolase c4018
PMI2597 MFS family transporter c2420
PMI2601 nrpU Putative siderophore biosynthetic protein c2430
PMI2603 nrpA Putative siderophore ABC transporter, ATP-binding/permease protein c2422
PMI2604 nrpB Putative siderophore ABC transporter, ATP-binding/permease protein c2421
PMI2676 Putative iron compound ABC transporter, permease c1651 (fecD)
PMI2677 Putative iron compound ABC transporter, ATP-binding protein c1650
PMI2679 modD Putative pyrophosphorylase c1647 (modD)
PMI2935 Putative membrane protein c4774
PMI2937 Putative exported protein c4776
PMI2963 Probable transcriptional regulator c1810
PMI3232 Putative amidohydrolase/metallopeptidase c4924

a See reference 44.
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nitrogen source, and this nitrogenous waste compound is plen-
tiful in the urinary tract. P. mirabilis has extraordinary potential
for adherence to host tissue. To our knowledge, this bacterium
encodes the highest number of fimbriae of any organism se-
quenced thus far. However, it can nimbly shift between adher-
ent and motile phenotypes, indicating the presence of a so-
phisticated regulatory network that controls the modulation
between alternate lifestyles. Fimbriae are encoded at loci
around the chromosome, while all flagellar genes are contigu-
ous. This bacterium has numerous virulence factors that have
been demonstrated experimentally. It is interesting, however,
that single gene mutations can fully attenuate the bacterium
(13, 82).

Along with Providencia and Morganella spp., P. mirabilis
produces urease. The synthesis of this multimeric nickel-met-
alloenzyme is urea inducible. Since urine contains approxi-
mately 0.4 M urea (23), urease is always synthesized (31). The
products of urea hydrolysis, ammonia and carbon dioxide, al-
kalanize the urinary tract, resulting in a pH ranging from 8 to
9, which often results in precipitation of normally soluble ions
and thus the formation of bladder and kidney stones. Beyond
urolithiasis, the environment created by P. mirabilis coloniza-
tion requires that surface-localized bacterial processes (e.g.,
enzymatic catalysis, fimbrial adhesin-receptor interaction, iron
acquisition, and cytotoxin activity) perform optimally at an
alkaline pH. For example, the surface-localized Proteus toxic
agglutinin (encoded by PMI2341) has a pH optimum for the
subtilase-like protease of 9.0, making this molecule well suited
to proteolyze its targets in a P. mirabilis-colonized urinary tract
(2). Certainly, in the life cycle of P. mirabilis environments that
lack urea are encountered. It is therefore interesting that there
is a pathway by which urea can be synthesized de novo (Fig. 6)
from ammonia and carbon dioxide.

Virulence determinants that mediate colonization have been
identified in numerous studies (6, 13, 30, 53, 82); however, the
genome sequence revealed previously unknown candidates
that one would predict also contribute to the pathogenesis of
infections. For example, several fimbriae have been shown to
contribute to P. mirabilis virulence. Prior to the sequencing of
the P. mirabilis genome, only five chaperone-usher fimbriae
had been identified in this organism (MR/P fimbriae, UCA,
PMF, ATF, and PMP). However, P. mirabilis potentially can
produce 17 unique fimbriae, which is more fimbriae than any
other bacterial species sequenced to date encodes. Notably,
Salmonella enterica serovar Typhi has a 4.81-Mb genome (60),
which is nearly 800 kb larger than the P. mirabilis HI4320
genome, yet it has only 12 fimbrial operons. Thus, the density
of fimbrial operons in the relatively small P. mirabilis HI4320
genome indicates the likely importance of these fimbriae for
this organism. Determining the expression profiles of these
fimbriae may reveal new roles in virulence or may provide
clues to the life cycle of P. mirabilis in other niches, such as the
soil or the gastrointestinal tract.

P. mirabilis differentiates between the vegetative fimbriated
swimmer cell and the hyperflagellated swarmer cell (8). The
discovery that all the flagellar genes of P. mirabilis are at a
single contiguous chromosomal locus, which is unusual in bac-
teria, presents interesting possibilities for regulation of flagel-
lar expression. The close proximity of all flagellar genes could

be key to the ability of P. mirabilis to rapidly switch from
swimmer cell to swarmer cell.

Several studies have documented coordinated expression of
virulence genes with the swarming phenomenon (3, 9, 41, 76).
In particular, the MR/P and NAF (UCA) fimbrial operons are
downregulated during swarming (36). Conversely, fimbrial
expression may repress flagellar motility; overexpression of
MrpJ, whose gene is cotranscribed with the mrp fimbrial
operon, represses flagellin expression and motility (39). At
least 14 other paralogs of MrpJ are present in this strain, and
10 are associated with fimbrial operons. These MrpJ paralogs
are being assessed to determine their ability to repress motility
when fimbriae are expressed (Pearson and Mobley, submit-
ted). The unique organization of the P. mirabilis flagellar regu-
lon, coupled with the surprisingly high number of fimbrial
operons, suggests that the decision to stick or swim is central to
the lifestyle of this opportunistic pathogen. As both motility
and adherence contribute to the ability of P. mirabilis to cause
disease, further research is necessary to determine how this
organism switches from a swarming state to an adherent state
and back again.

With the exception of multiple fimbriae and iron acquisition
systems, P. mirabilis may have fewer redundant pathways for
virulence than other genera in the Enterobacteriaceae. This
species is more easily attenuated by a single mutation than
other uropathogenic species, such as E. coli. In signature-
tagged mutagenesis studies of E. coli, for example, it was dif-
ficult to isolate transposon mutants that were attenuated by
more than 10-fold in the CBA mouse model of ascending UTI
(7). On the other hand, signature-tagged mutagenesis studies of
P. mirabilis using identical reagents yielded more than 30 trans-
poson mutants that were attenuated �10,000-fold (13, 82).

As the aging population continues to expand, more indi-
viduals will be at risk for P. mirabilis UTI (78). In the United
States, the proportion of the population that is �65 years
old is projected to increase from 12.4% (30 million) in 2000
to 19.6% (71 million) in 2030 (http://www.cdc.gov/mmwr
/preview/mmwrhtml/mm5206a2.htm). In 1997, the United States
had the highest health care spending per person who was �65
years old ($12,100) (http://fesportal.fes.de/pls/portal30/docs
/folder/ipg/ipg1_2002/artjacobzone.htm); nursing home and home
health care expenditures doubled from 1990 to 2001, reaching
approximately $132 billion (37). The absolute number of persons
who are �65 years old residing in 18,000 nursing homes in the
United States is currently estimated to be 1.5 million to 1.9 million
(58). In these facilities urinary incontinence, a very frequent com-
plication, is treated with long-term (�30 days) urinary catheter-
ization. Nearly 100% of these patients become bacteriuric (78),
often leading to fever and bacteremia and sometimes to death
(77). P. mirabilis and the related species Providencia stuartii and
Morganella morganii account for more than one-half of such in-
fections (57, 78). With the new understanding derived from the
complete genome sequence of P. mirabilis, novel antibiotic targets
and identification of protective antigens for use in vaccines may
be forthcoming and thus useful for controlling these infections.
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