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The occurrence of unilateral flagellar phase variation was previously demonstrated in Escherichia coli strains
carrying the non-fliC flagellin-specifying locus flk. In this study, we investigated the mechanism involved in this
process. By using sequencing and sequence analysis, the flk region between the chromosomal genes yhaC and
rnpB was characterized in all described flk-positive E. coli strains, including the H35 strain identified in this
study (the other strains used are H3, H36, H47, and H53 strains), and this region was found to contain a
putative integrase gene and flanking direct repeats in addition to the flk flagellin-specifying gene flk4 and a fliC
repressor gene, flkB, indicating that there is a typical genomic islet (GI), which was designated the flk GI. The
horizontal transfer potential of the flk GI was indicated by detection of the excised extrachromosomal circular
form of the flk GI. By generating fliC-expressing variants of H3 and H47 strains, unilateral flagellar phase
variation in flk-positive strains was shown to be mediated by excision of the flk GI. The function of the proposed
integrase gene was confirmed by deletion and a complementation test. The potential integration sites of the flk
GI were identified. A general model for flagellar phase variation in flk-positive E. coli strains can be

expressed as fliC°" + fl

" — fliCc’" + flkA™°"¢. This is the first time that a molecular mechanism for

flagellar phase variation has been reported for E. coli.

Flagella are best known for conferring motility to bacteria,
which allows the bacteria to swim toward attractants and away
from repellents (5). Flagella also play a variety of other roles in
many bacterial lifestyles, including bacterial pathogenesis and
biofilm formation (27, 45). Pathogenic bacteria specifically
produce flagella to promote colonization and invasion of mu-
cosa (27). Flagellar antigen, also known as H antigen, is one of
the major antigens in gram-negative bacteria. The serological
variety of flagella is important for intrageneric differentiation
of bacteria (12). Flagellin is the protein subunit of the flagellar
filament and determines the specificity of the flagellar antigen.

Phase variation of antigenic expression, especially expres-
sion of surface structures, such as flagella, fimbria, capsular
polysaccharide, and lipopolysaccharide, is a common strategy
used by many bacteria for adaptation to particular environ-
ments (38). Phase variation of flagellar antigens was first de-
scribed in Salmonella enterica serovar Typhimurium, in which
two different flagellin genes, fljB and fliC, are alternatively
expressed, giving rise to two different H phases (18, 50). Flagel-
lar phase variation is thought to be related to bacterial survival
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in the presence of host defense systems and therefore is linked
to bacterial virulence (19). The molecular mechanism for
flagellar phase variation in S. enterica has been well studied (1,
20, 22, 40, 47, 51). Alternating expression of fjB and fliC is
controlled by site-specific inversion of an approximately 996-bp
DNA segment (H segment) containing a promoter for the
cotranscription of fIjB and flj4 (encoding a posttranscriptional
repressor of the unlinked gene f1iC), and the fljBA promoter is
turned on in one orientation but not in the other (51). The hin
gene encoding a recombinase (Hin invertase) and a 26-bp
inverted repeat sequence (hix) are responsible for the invert-
ible recombination of the H segment (20, 40). Recently, flagel-
lar phase variation caused by deletion of the flj4B-like operon
in a z66 antigen-positive strain of S. enterica serovar Typhi was
reported (17), but the exact mechanism involved is unclear.
A total of 53 different H type strains of Escherichia coli have
been officially registered (26). In 44 of these strains the man-
ifested flagellins are encoded at the fliC locus, while in all of
the rest of them except the H35 type strain they are encoded
at the flk (H3, H36, H47 and H53), fil (H44 and H55), flm
(H54), or fliC” (H17) locus (4, 28-33, 43, 44, 46). H35 has a
disrupted fliC gene (46), and its flagellin-specifying locus has
not been determined. Although E. coli is generally consid-
ered monophasic (24), the occurrence of unilateral flagellar
phase variation in flk-positive H3 and H47 strains has been
reported (28, 32, 33). The flk region containing the flagellin-
specifying gene flkA and the repressor gene flkB was located
between chromosomal genes rnpB and yhaC in H3 and HS53
strains, and the flkB product repressed the expression of fliC in
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E. coli and, in some cases, S. enterica; therefore, the flkB gene
is functionally similar to flj4 of S. enterica (43). The unilateral
phase variation in E. coli H3 and H47 was expressed as fliC°T +
flkA™ — fliCo™ + flkA°™ (33).

Genomic islets or islands (GIs) represent a large group of
mobile elements in bacteria (39). GIs are known to encode
many different functions and are related to bacterial virulence,
antibiotic resistance, symbiosis, fitness, and adaptation (9, 39).
The number of described GIs and GI-bearing hosts is con-
stantly increasing (25). Some GlIs have features of integrative
and conjugative elements, and these elements are excised from
the chromosome by site-specific recombination and are trans-
ferred to new hosts by conjugation (2, 7, 10). Recombination
between two attachment sites, aftP on the circular form of a GI
and attB on a bacterial chromosome, that leads to the integra-
tion of the GI into the chromosome is mediated by an integrase
(14, 15, 39). Integration of a GI generates two junctions in the
chromosome, which are two direct repeats (DRs) at the left
and right ends of the GI. These two DRs are the chimeras of
attB and attP. Integrases also mediate the recombination be-
tween two flanking DRs of an integrated GI, resulting in ex-
cision of the GI from the chromosome via an extrachromo-
somal circular intermediate (10, 14, 16, 23, 39).

In this study, the mechanism involved in flagellar phase
variation in flk-positive E. coli strains was investigated. H35
was identified as a new member of the flk-positive group. The
regions between yhaC and rnpB in H35, H36, and H47 strains
were sequenced, and the sequences were analyzed together
with the corresponding sequences from H3 and HS53 strains
published previously. In all five flk-positive strains, the flk re-
gion was found to contain a putative integrase gene and flank-
ing DRs at both ends in addition to the flagellin gene flk4 and
the repressor gene flkB, indicating that there is a typical GI,
which was designated the flk GI. PCR was carried out to detect
the excised extrachromosomal circular form of the flk GI. fliC-
expressing variants of H3 and H47 were generated and exam-
ined to determine the presence of the flk GI, and the phase
variation in the two parental strains was shown to be mediated
by excision of the flk GI. The function of Orf486 as an inte-
grase was confirmed by deletion and complementation tests.
The frequency of flagellar phase transition was determined.
The potential integration sites of the flk GI were identified. A
general model for the mechanism mediating unilateral flagellar
phase variation in flk-positive E. coli strains is presented below.

MATERIALS AND METHODS

Bacterial strains, media, and antisera. Strains used in this study are listed in
Table 1. Flagellin-negative strain EJ34 was used as the host strain for construc-
tion of genomic libraries. Bacteria were grown in Luria-Bertani (LB) broth or
agar A (BBI) supplemented with ampicillin (100 wg/ml) when necessary. A
semisolid medium (motility agar plates) containing 0.2% agar in LB broth was
used to enhance the bacterial motility and to screen for motile clones.

Antisera against E. coli H type strains were obtained from the Mechnikov
Research Institute for Vaccines and Sera, Russian Academy of Medical Sciences,
Moscow, Russia, and were used for H antigen identification by means of slide
tests (34).

Construction of a genomic library. A genomic library was constructed by the
shotgun cloning method (37). Genomic DNA partially digested with Sau3AI was
ligated into pUCI19, which was digested with BamHI and treated with calf
intestinal alkaline phosphatase (Takara). The library was introduced into EJ34
by transformation, and the recombinant bacterial cells were screened for resto-
ration of swimming motility on motility agar plates containing ampicillin.
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Primers and PCR amplification. The primers used in this study are listed in
Table S1 in the supplemental material. Each PCR was carried out using a 50-pl
reaction mixture containing 2 mM MgCl,, each deoxynucleoside triphosphate at
a concentration of 0.2 mM, each primer at a concentration of 1 uM, and 2 U of
Tag DNA polymerase (5 U of LA-Taqg DNA polymerase for long-range PCR).

Sequence analysis. Sequencing was carried out by Tianjin Biochip Coopera-
tion, China, using an ABI 3730 automated DNA sequencer. Sequence data were
assembled using the Staden package (41). Artemis (36) was used for annotation.
BLAST was used for searching databases, including the GenBank, COG (Clus-
ters of Orthologous Groups), and Pfam protein motif databases. Sequence align-
ment and comparison were carried out using ClustalX (42). Phylogenetic analysis
was conducted using MEGA, version 2.1 (21).

Selection of spontaneous variants with altered H antigen. Bacteria were grown
on semisolid medium containing antiserum against the expressed H antigen,
which provided strict conditions for selecting variants expressing an alternative
flagellar antigen phase (30, 32). While the parental strain was immobilized, the
variants remained motile.

Deletion of orf486 from the E. coli H3 type strain. The orf486 gene was
replaced by a kanamycin resistance gene (kan) using the RED recombination
system of phage lambda (8, 48). The kan gene was PCR amplified from plasmid
pKD4 by using primers wl-11719 and wl-11720 binding to the 5’ and 3’ ends of
the gene, and each primer contained 40 bp based on the H3 DNA, which flanks
orf486. The PCR product was transformed into the H3 type strain (G1436)
carrying pKD20, and kanamycin-resistant transformants were selected after in-
duction of the RED genes by the protocol described by Datsenko and Wanner
(8). PCR with primers specific for the DNA of the kan gene and the H3 flk region
was carried out to confirm the replacement. To complement the orf486-deficient
H3 mutant, the orf486 gene was amplified from the H3 type strain using primers
wl-10352 and wl-10353. The resulting PCR products were cloned into pUCI18 to
obtain plasmid pLW1330.

Determination of flagellar phase transition frequency in H3 strains. Bacteria
were grown on LB agar for 24 h. A block of agar bearing a single colony was cut
out and transferred to 15 ml of LB broth. After 6 h of incubation at 37°C, the
culture was transferred into two centrifuge tubes. Fifty microliters of antiserum
against the expressed H antigen (H3 antiserum in this study) was added to the
first tube, and 50 wl of some other antiserum (H47 antiserum in this study) which
did not contain antibodies to any surface antigens of the strain used (H3 in this
study) was added to the second tube. The contents of each tube were gently
mixed. After incubation at 37°C for 30 min, a small sample was taken from the
second tube to make dilutions for plating to determine the cell number. The total
number of bacterial cells was deduced.

The two tubes were centrifuged simultaneously (40 min, 40 X g). Sediment was
produced in the first tube, and the second tube served as a control in which no
sediment should have been produced. Immediately after centrifugation, 0.5 ml
supernatant was taken from the first tube and used to prepare serial 10-fold
dilutions in saline. For plating, 0.5 ml of each dilution was grown on semisolid
medium containing antiserum against the expressed H antigen. The number of
spreading colonies was determined, and the total number of flagellar phase
variants was calculated.

Flagellar phase transition frequency was calculated by using the equation
described previously (13, 49), as follows: flagellar phase transition frequency
(per cell per generation) = 1 — /1 — X, where n is the number of gener-
ations and X is (total number of flagellar phase variants)/(total number of
bacterial cells). The number of generations (n) was determined by using the
following equation: n = (log N — log Ny)/log 2, where N is the total number of
bacterial cells and N, is number of bacterial cells in the inoculum.

Nucleotide sequence accession numbers. The DNA sequences of flk regions
between rnpB and yhaC of the E. coli H35, H36, and H47 type strains and E. coli
strains H1171, H1173, H1174, and H1201 have been deposited in the GenBank
database under accession numbers EF392692 to EF392698.

RESULTS

Characterization of the flagellin-specifying locus in H35,
H36, and H47 strains. To localize the flagellin-specifying locus
in the H35 strain and to examine the flk region in the H36 and
H47 strains, a genomic library was constructed for each strain.
From each library, a single recombinant plasmid (pLW1249,
pLW1041, and pLW1248 carrying 8.5-, 4.1-, and 3.1-kb inserts,
respectively) conferring motility to strain EJ34, which is a de-
rivative of E. coli K-12 lacking flagellin, was isolated and con-
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TABLE 1. E. coli strains and plasmids used in this study

Strain or Derivation, genotype, H antigen Flagellin genotype Reference
plasmid® or phenotype expressed or source
Strains

G1436 Bi7327-41, H3 type strain H3 fliC, O flkAsom 30

G1393 4370-53, H35 type strain H35 flkA35°" This study

G1394 5017-53, H36 type strain H36 flkA56" 28

G1397 1755-58, H47 type strain H47 fliC»,°F fikA 4" 28

G1392 E480-68, H53 type strain H53 flkA 5" 28

H1171 Phase variant of G1436 H16 fliC 6" flkA" " This study

H1172 Phase variant of G1436 H16 fliC 6" flkA " This study

H1173 Phase variant of G1436 H16 fliC 6" flkA" " This study

H1174 Phase variant of G1436 H16 fliC 6" flkA " This study

H1175 Phase variant of G1436 H16 fliC 6" flkA" " This study

H1176 Phase variant of G1436 H16 fliC 6" flkA " This study

H1201 Phase variant of G1397 H47 liC5,°" flkA 47" This study

H1202 Phase variant of G1397 H47 fUCH,°" flkA 4" This study

G1438° EJ34 11

G1370 DH5a

G1067 H3 non-type strain H3 fliC, O flkAo

G1145 H47 non-type strain H47 fliC5,°" flkA,,°"

H1692 orf486-deficient mutant of G1436 H3 fliC° flkA5°" This study

H1693 H1692 carrying pLW1330 H3 fliC, O flkAom This study

H1694 G1436 carrying pLW1330 H3 fliC°F flkA5°" This study

Plasmids

pUC19 Cloning vector; Ap" Takara

pLW1249 pUCI9 with a 8.5-kb insert containing the flagellin This study
gene for H35

pLW1041 pUCI9 with a 4.1-kb insert containing the flagellin This study
gene for H36

pLW1248 pUCI9 with a 3.1-kb insert containing the flagellin This study
gene for H47

pKD4 Contains a kanamycin resistance gene (kan); Km" Ap" 8

pKD20 RED recombinase expression plasmid; Ap" 8

pUC18 Cloning vector; Ap" Takara

pLW1330 pUC18 containing orf486 This study

“ E. coli H antigen type strains were obtained from the Institute of Medical and Veterinary Science, Adelaide, Australia, and the Mechnikov Research Institute for
Vaccines and Sera, Russian Academy of Medical Sciences, Moscow, Russia. Other E. coli standard H type strains used have been described previously (12, 46).
b A derivative of E. coli K-12 which is nonflagellated and nonmotile because the expression of its single flagellin gene, fliC, is blocked by a mutation.

firmed to carry the respective flagellin gene by means of sero-
typing. Sequencing analysis revealed the presence of flk4 and
flkB in all three inserts. To test whether the fIk regions in H35,
H36, and H47 are located between yhaC and rnpB as they are
in H3 and H53, PCRs were carried out to amplify the region
between yhaC and flkB using primers wl-3622 and wl-5272,
wl-5276, or wl-5274 and PCRs were carried out to amplify the
region between flkA and rmpB using primers wl-3623 and wl-
5273, wl-5277, or wl-5275. Sequencing analysis of the PCR
products revealed the presence of the flk region between rnpB
and yhaC in all three strains. The results indicated that H35 is
a new member of the flk-positive group, and the flk region
containing the flkAB operon is generally present between yhaC
and mpB in flk-positive E. coli.

Sequence analysis of the yhaC-rnpB region in H3, H35, H36,
H47, and H53 strains. Sequences that were 13,317, 12,193, and
8,737 bp long were obtained for the region between yhaC
and mpB in the H35, H36, and H47 type strains, respectively,
and these sizes are similar to the sizes obtained for the H3
(10,867 bp) and H53 (9,310 bp) type strains retrieved from the
GenBank database (AB128916 and AB128917). flkB, flkA,
orf204, orf240, and orf486 in the same order were found in all
five strains (Fig. 1). orf486 encodes a putative integrase belong-

ing to the tyrosine recombinase family (also known as the A\
integrase family), orf240 encodes a putative invertase belong-
ing to the serine recombinase family, and orf204 encodes a
protein with an unknown function. An IS7222 element was
found between flkA and flkB in H36, suggesting that the co-
transcription of these two genes may be disrupted, resulting in
expression of only flkA. This explains the absence of repressor
activity for f7iC in H36 reported previously (28). The flkB gene
in H35 was found to be disrupted by an IS3 element, and
therefore, the absence of repressor activity in H35 is also ex-
pected. Several insertion elements are present between yhaC
and flkB in H3, H35, and H36 strains (Fig. 1).

In all five strains, three or four copies of an imperfect 23-bp
DR, corresponding to the last 23 bp of the rupB gene (5'-CG
GCTTATCGGTCAGTTTCACCT-3"), were found at the
right (DR1) and left (DR2, DR3, and DR4) ends of the flk
region, and DR1 overlapped the 23 bp of rnpB (Fig. 1). One or
two single-nucleotide polymorphic sites were found in some of
the DRs (data not shown). In E. coli K-12, a 113-bp repeated
DNA sequence beginning with the last 23 bp of the rpB gene
is present in the flanking region downstream of rnupB and is
repeated several times (6, 35). Each 113-bp unit consists of the
23-bp sequence (DR in flk-positive strains) and the region for
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H35

yhaC DR3,2 SkBss  flkAss orf204  orf240 orf486 DRI rnpB

S

H36 st

yhaC DR4,3,2 fkBss  flkAss orf204  orf240 orf486 DRI rnpB
H47

vhaC DR4,3,2 flkBs7  flkA47  orf204 orf240 orf486 DRI rnpB
H53

vhaC DR4, 3,2 orf211 flkBss  flkAs3

orf204  orf240 orf486 DRI rnpB

1 kb

FIG. 1. Comparative map of the flk regions in E. coli H3, H53, H47, H36, and H35 strains. The orientation corresponds to that of the E. coli
K-12 chromosome. Open arrows indicate the locations and orientations of open reading frames of putative genes. Insertion elements are indicated
by rectangles or burgees. The imperfect 23-bp DRs are indicated by bars. orf204 in H53 strain was designated orf210 in a previous study (43). The
positions of the wl-5828/wl-5829 and wl-5914/wl-5915 primer pairs used for detection of the circular form of flk Gl;;; are indicated by arrows.

intrinsic transcription termination. In flk-positive E. coli
strains, the first 23-bp sequence (DR1) and the transcription
termination region were found to be separated by the flk locus
and the second 23-bp sequence (DR2) (Fig. 2).

In addition to the presence of the flanking DRs and a pu-
tative integrase gene (orf480), several other features of typical
GIs were also found in the region, including the large size
(6,951 to 11,651 bp) and lower G+C content of the region
(42.2 to 46.2% versus 50.5% for the E. coli genome) and the
absence of the region in closely related strains, such as E. coli
K-12 (accession no. NC_000913) and O157:H7 (AE005174)
(39). All these findings indicate that the flk regions between

yhaC and rnpB in the five flk-positive strains are integrated GIs
(referred to as flk Glyys, flk Glyyss, flk Glysg, flk Gly,,, and flk
Gly55) (Fig. 2). While DR1 and DR2 are the two flanking DRs
of the flk GI, DR3 and DR4 appear to be intrinsic sequences
in the host chromosome.

We also sequenced the yhaC-rnpB region in two nontype
strains, E. coli O53:H3 strain G1067 and E. coli O156:H47
strain G1145, and each of the sequences obtained showed 99%
DNA identity to the corresponding sequence in the corre-
sponding type strain. This indicates that the flk GI is conserved
in E. coli strains carrying the same H antigen.

Sk locus
DR2
DR4 DR3 DRI,
— - ] ]
. rnpB
E. coli H3 l 113 bp repeat unit
DR4 DR3 DR2 ik locus DRI
= = T o —
rnpB
E. coli K12 [ - - e
rnpB

113 bp repeat unit

FIG. 2. Schematic representation of the 113-bp repeats downstream of the rmpB gene in E. coli strain K-12 and insertion of the flk locus in the
same region in the H3 strain. The 113-bp repeats are indicated by open rectangles. The 23-bp sequences corresponding to the last 23 bp of the
mpB gene are indicated by shaded rectangles. The positions of DRs in H3 are indicated.
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FIG. 3. Detection of the circular forms of flk Gly; by two-step
PCR. Lane 1, three PCR products obtained from the H3 type strain
(374, 487, and 600 bp); lane 2, size markers. The wl-5828/wl-5829 and
wl-5914/wl-5915 primer pairs were used.

Detection of the excised extrachromosomal circular form of
the flk GI. A two-step PCR was carried out with the H3 type
strain to detect the extrachromosomal circular form of flk
Gl,y; The first-round PCR was performed using primers wl-
5828 and wl-5829 oriented toward the left and right ends of flk
Gl,y3, respectively. The second-round PCR was carried out
using an aliquot of the products from the first round PCR as
the template and primers wl-5914 and wl-5915 designed based
on the sequence of the expected product from the first-round
PCR. Three PCR products that were 600, 487, and 374 bp long
were detected (Fig. 3), indicating that there was formation of
three types of extrachromosomal circular forms. Sequence
analysis of the three PCR products indicated that the recom-
bination events occurred between DR1 and DR2, between
DRI1 and DR3, and between DR1 and DR4, respectively, and
the three types of circular forms were designated flk GI;5-1, flk
Gl,15-2, and flk GIy5-3 (Fig. 4). Using the same procedure but
different primer pairs, three types of extrachromosomal circu-
lar forms of the flk GI were also detected in the H36, H47, and
HS53 type strains. However, only two types were detected in the

J. BACTERIOL.

FIG. 5. Selection of spontaneous flagellar phase variants from E.
coli H3 on motility agar containing antiserum against H3 antigen.
Arrow A indicates spreading growth produced by the phase variants.
Arrow B indicates immobilized growth of the H3 parental strain in the
presence of H3 antiserum.

H35 strain, consistent with the presence of one and two DRs at
the two ends of flk Gl,55 (data not shown).

Involvement of the flk GI in flagellar phase variation. By
growing the H3 and H47 type strains on motility agar contain-
ing antiserum against H3 and H47, respectively, and screening
for clones which exhibited spreading growth (Fig. 5), six and
two spontaneous phase variants were obtained. All six H3
variants (strains H1171 to H1176) produced agglutination with
H16 antiserum but not with H3 antiserum and were strongly
immobilized when they were grown on semisolid motility me-
dium containing H16 antiserum. Both H47 variants (strains
H1201 and H1202) agglutinated with H21 antiserum but not
with H47 antiserum and were strongly immobilized in the
presence of H21 antiserum. The results are in agreement with
the previous findings that the fliC genes in H3 and H47 strains
encode H16 and H21 antigens, respectively (28, 29, 46). The
strong immobilization of the variants by H16 or H21 antiserum

I 1 I
- |- T

recombination

&

YhaC DR4 DR3 DR2
recombination
Excised fTk GI
{
> {J DR2
attP DR3
+
DNA left in the 4
| > |
h ~
chromosome JhaC attB pB VhaC

—

[k locus DR171pB

recombination

|

DR2
atp attP

+ +
DR4 attB rnpB

YyhaC DR4 DR3 attB rmpB

FIG. 4. Model for the excision of flk Gl;;;. Recombination events for the generation of flk Gly5-1, flk GI5-2, and flk GI5-3 are shown.
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indicated that there was unilateral phase change, as reported
for the two strains previously.

To find out whether the flk GI is still present in the variants,
the yhaC-rnpB regions in all eight variant strains were se-
quenced using primers wl-3622 and wl-3623. In the H3 vari-
ants, the region is 500 bp long and contains two complete DRs
(DR3 and DR4) in H1171, H1172, and H1175, is 387 bp long
and contains one DR (DR4) in H1173 and H1176, and is 274
bp long and contains no DRs in H1174 (Fig. 4). The region is
507 bp long and contains two DRs (DR3 and DR4) in both
H47 variant strains (H1201 and H1202). These results indicate
that the phase variation of flagellar antigens in the H3 and H47
strains was caused by the excision of the flk GI and that re-
combination could occur between DR1 and DR2, between
DR1 and DR3, and between DR1 and DR4.

No PCR products were obtained from any of the eight vari-
ant strains using the flkA-specific primer pairs (wl-5141/wl-
5142 and wl-3820/w1-3821), indicating the absence of the flkAB
operon and therefore the absence of the excised flk GI in the
variants (data not shown). The excision and irrevocable loss of
the flk GI provide an explanation for the unilateral phase
variation observed in flk-positive strains.

Characterization of Orf486 as a functional integrase. To
confirm the function of Orf486 as an integrase for the excision
of the flk GI, an orf486-deficient mutant of the H3 type strain
(H1692) and the corresponding transcomplementary strain
(H1693) were generated. PCR was carried out to detect extra-
chromosomal circular forms of flk Gl; in the two strains
generated, and the expected PCR products indicative of the
circular forms of the GI were detected only in transcomple-
mentary strain H1693 and not in mutant strain H1692. By
growing the two strains on motility agar containing antiserum
against H3, spontaneous flagellar antigen phase variants with
the H16 phenotype were detected for transcomplementary
strain H1693 but not for the mutant. These results confirmed
that orf486 is a functional integrase gene required for excision
of the flk GI from the chromosome.

The frequency of flagellar phase transition was also deter-
mined in H1692 (H3 type strain), H1693 (transcomplementary
strain of orf486 mutant), and H1694 (H3 type strain carrying
pLW1330 containing orf486). The transition rates were deter-
mined to be 1.98 X 10~% per bacterium per generation for
H1692, 1.93 X 102 per bacterium per generation for H1693,
and 2.83 X 1072 per bacterium per generation for H1694. The
increased transition frequencies in H1693 and H1694 could
apparently be attributed to the overexpression of Orf486. The
results further indicated that orf486 is a functional integrase
gene.

Identification of the potential integration sites. In all phase
variant strains generated (H1171 to H1176 for H3 and H1201
and H1202 for H53), the last 23 bp of rnpB (corresponding to
DRI in the integrated flk GI) is retained (Fig. 4), indicating
that the 3'-terminal 23 bp of the mpB gene (5'-CGGCTTAT
CGGTCAGTTTCACCT-3") is the potential chromosome at-
tachment site (attB) of the flk GI. The sequence of the poten-
tial a#tB site is conserved in all variants except H1174, which
has a single-nucleotide polymorphic site at position 19. The
potential a#tB site was also found in many E. coli strains of
other types either by sequencing (H2, HS, H11, H16, H23,
H27, and HS5S5) or through genome searching (accession no.
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AEO014075, BA000007, AE(005174, NC_000913, AE005541,
AP009048, CP000468, CP000247, CP000243, and AE014075),
as well as in strains belonging to other species of the family
Enterobacteriaceae, including S. enterica, Shigella, Klebsiella
pneumoniae, and Pantoea agglomerans (data not shown).
Therefore, this site is conserved not only in E. coli but also in
other closely related species.

The potential a#tP site (5'-CGGCTTATCGGTCAGCTTC
AACT-3’) in the extrachromosomal circular form of flk Gl
was identified at the junction of the two ends of flk GI 45 (Fig.
4), which is identical to the sequence of DR1. Two single-
nucleotide polymorphic sites between the a#tP and attB sites
were found to be at positions 16 and 21. The attP site was
formed by recombination between DR1 and one of the other
DRs, but the exact mechanism involved is not clear. One or
two single-nucleotide polymorphic sites were also detected in
some of the DRs, including DR1, which had different residues
at positions 16 and 21 than flk GI;;. Presumably, the site
polymorphism between the aftP and aftB genes might arise
from site polymorphisms in DRs. To prove this, further studies
are needed. Although not investigated in this study, polymor-
phism sites may also be present in the a#tP site of the flk GI in
other flk-positive strains for the same reason.

In all five flk-positive strains, only one DR (DR1) was found
to be at the right end of the flk GI, and the rest of the DRs
were found to be at the left end, indicating that any flk GIs
could integrate only into the a#B site and not into other 23-bp
DR sequences in the 3’ flanking region of rnpB.

Absence of the flk region in other H type strains. The region
between yhaC and rnpB was amplified from 53 E. coli H type
strains by PCR using primers wl-3622 and wl-3623. In E. coli
K-12, which does not contain any non-fiC flagellin genes, this
region contains a 615-bp intergenic DNA region (6). In com-
parison, the region is 8,737 to 13,317 bp long in the five flk-
positive strains. Therefore, the presence of the flk region can
be indicated by the size of the PCR product. The results
showed that except for the five flk-positive strains described
above, none of the strains gave PCR products larger than 1.5
kb (data not shown). PCRs were also performed using the
primers targeting flkAB (wl-5136 and wl-5033) and orf486 (wl-
5830 and wl-5831), and the expected PCR products were de-
tected for the five flk-positive strains but not for other strains
(data not shown). Therefore, none of the type strains except
those expressing H3, H35, H36, H47, and H53 antigens carries
the flk region.

DISCUSSION

In this study, we examined the involvement of a GI, the flk
GI, in flagellar phase variation in E. coli strains. A general
model for the phase variation in the FIkA and FliC flagellins in
E. coli is shown in Fig. 6. The principle is that when the flk GI
is present in the chromosome, the fIkAB operon is expressed to
allow coproduction of the FIKA flagellin and the repressor
protein FIkB, and the expression of fliC is repressed. When the
flk GI is excised from the chromosome, flkAB is irreversibly
deleted, and therefore the repression of the fliC is released and
the FliC flagellin is produced. Therefore, the formula for the
unilateral phase variation (fiC°" + flkA°™ — fliC°™ + flkA°™)
(33) should be revised to fliC°" + flkA°™ — fliC™ + flkA™"°.
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FIG. 6. Model for the phase variation between FliC and FIKA in E. coli. When the flk GI is present in the chromosome, the flkAB operon is
expressed. FIKA flagellin is produced, and the fliC gene is repressed by FlkB. After the flk GI is excised from the chromosome, the fliC gene is

expressed.

In the five flk-positive E. coli strains, the fliC genes in the
H35, H36, and H53 strains are disrupted or defective (33, 43,
46). Therefore, any flk-negative variants of these strains would
be nonmotile. Whether this can occur was not investigated
here due to a lack of screening methods for nonmotile variants.
However, it is more likely that such strains would become
monophasic under physiological conditions, as the survival of
the bacteria may be affected in the absence of a flagellin, and
the flagellin encoded by flkA may offer a selective advantage to
these strains in their particular environments. On the other
hand, repression of ffiC in these strains is not needed, and this
is also reflected by the disruption of the repressor gene flkB by
insertion elements in H35 and H36. The insertions must have
happened after the bacteria gained the flk GI, so that the
survival of bacteria would not be affected. Although the flkB
gene is intact in H53, disruption of this gene is also expected
sooner or later from an evolutionary point of view.

Although the principles for flagellar phase variation in E.
coli flk-positive strains and S. enterica strains are rather similar
and both organisms require cotranscription of a flagellin gene
and a fliC repressor gene, different mechanisms are utilized.
While the flk GI described here mediates only unilateral phase
change owing to the irreversible loss of the flk GI, flagellar
phase variation mediated by the site-specific inversion of the H
segment in S. enterica is bilateral (1, 20, 22, 40, 47, 51). Al-
though the flagellar phase variation in a z66-positive strain of
S. enterica serovar Typhi is also caused by deletion of the
fliAB-like operon (17), a mechanism different from that de-
scribed here seems to be involved, as indicated by a recent
report showing that the fljB-like gene in this strain is located on
anovel liner plasmid (3). Still, mechanisms involved in flagellar
phase variation in other E. coli strains carrying different non-
fliC flagellin loci and showing flagellar phase variation, such as
H17 carrying the fliC” locus (28, 32, 33), remain to be investi-
gated.

In addition to the integrase gene (orf486) characterized,
orf204 encoding a putative invertase/resolvase is also present in
the region. Site-specific recombination mediated by the inver-
tase requires the presence of inverted repeats (14), such as the

hix sequence in S. enterica, which are absent in the flk region.
Therefore, the orf204 gene is likely to be nonfunctional or not
related to the flk region.

At this stage, we could not obtain any indication of the
possible origin of the flk GI. The flk GI could have evolved
from a single ancestor and been integrated into other hosts
through recombination at the a#tB site. The presence of the
23-bp attB site in many bacterial species belonging to the fam-
ily Enterobacteriaceae brings up the possibility of the presence
of flk-like GIs in other bacterial species. The other possibility
is that all five flk loci may have evolved from a common an-
cestor in which the flk GI had already been integrated at the
attB site. The integration potential of the flk GI remains to be
studied further. In future studies, it should also be worthwhile
to investigate the factors or environmental conditions which
can induce the flagellar phase variation and mechanisms for
the maintenance of flagellar variants in the population.
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