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A variety offactors, including phase variation, are involved in the regulation of
flagellin gene expression in Salmonella sp. Flagellar-phase variation refers to the
alternate expression of two different flagellin genes, HI and H2. Site-specific
inversion of a DNA segment adjacent to the H2 gene is responsible for switching
expression. The segment includes the H2 promoter as well as the hin gene, which
is required to mediate the inversion. Sequences in this region have homology with
the corresponding sequences adjacent to the HI flagellin gene in Salmonella sp.
and the hag flagellin gene in Escherichia coli. The hin gene has also been shown to
be homologous to the gin gene, which is found on bacteriophage Mu. To
understand gene expression and the origin of these relationships, we have
compared the DNA sequence adjacent to all three flagellin genes. The sequence
data suggest a mechanism for the evolution of the hin-H2 locus.

The flagellar filaments of gram-negative bacte-
ria are composed of repeating subunits of a
protein, flagellin. Salmonella typhimurium pos-
sesses two homologous flagellin genes, HI and
H2, that map far apart from each other on the
chromosome (15). Only one of these genes is
expressed at any time, and expression is deter-
mined by a site-specific recombination event
which inverts a segment of DNA that lies adja-
cent to the H2 gene (28, 29). This 995-base pair
(bp) invertible region contains the promoter for
the H2 gene (30). In one orientation of the
invertible segment, the promoter is coupled to
the H2 operon and H2-type flagellin is made. In
addition, the rhl gene adjacent to H2 is ex-
pressed and it encodes a repressor of HI gene
transcription (7, 24). When the invertible region
is in the opposite orientation, the H2 and rhl
genes are not transcribed and the HI gene is
expressed. Recombination occurs within 14-bp
inverted repeat nucleotide sequences that flank
the region, and site-specific recombination re-
quires the presence of an intact hin gene. This
gene lies within the invertible region and en-
codes a 19,000-molecular-weight polypeptide
(23, 24).
The alternate expression of flagellin types has

thus far been found only in Salmonella species.
Escherichia coli possesses a single flagellin
gene, hag, which maps at a site on the E. coli
chromosome that corresponds to the site where
HI maps on the Salmonella sp. chromosome
(16). Whereas hag, H2, and HI all encode
antigenically distinct flagellin proteins, these fla-
gellin genes have been shown to be homologous,

both by genetic complementation (6, 8) and by
DNA-DNA hybridization (26). Partial homology
between the hin gene and genes that are associ-
ated with certain transposable elements has
been found. Bacteriophage Mu, for example,
has a site-specific inversion system that regu-
lates the expression of genes which encode host
range determinants (27). The inversion of a
3,000-bp DNA segment, called the G-loop, is
mediated by the product of a Mu gene, gin,
which maps directly outside of the G-loop (11).
Bacteriophage P1 also possesses an invertible
DNA segment called the C-loop, which is ho-
mologous to the G-loop of Mu (4). In addition,
P1 contains a gene, cin, which is required for
inversion of this DNA segment (S. lida, J.
Meyer, K. Kennedy, and W. Arber, Mol. Gen.
Genet., in press). From genetic complementa-
tion experiments, it is clear that hin, gin, and cin
all encode homologous inversion functions (14;
D. Kanip and R. Kahmann, in press). M6reover,
the DNA sequences at the sites required for G-
loop inversion in Mu show a clear homologous
relationship to the sequences required for site-
specific recombination in Salmonella sp. (R.
Kahmann and D. Kamp, in press). Finally, the
transposons Tn3 and gamma delta have been
shown to encode a protein, TnpR, which is
required for cointegrate resolution; it mediates
site-specific deletion between directly repeated
19-bp sequences (1, 13, 19). The amino acid
sequence of this protein shows 36% identity with
the amino acid sequence of the hin gene product
(25). Thus far, however, genetic experiments
have failed to demonstrate complementation be-

74



EVOLUTION OF PHASE VARIATION 75

tween the TnpR and the Hin functions.
Taken together, these observations suggest

that there exists a "family of genes" associated
with transposable elements that function to me-
diate site-specific recombination. Flagellar-
phase variation could have evolved from the
interaction of one of these genes on a mobile
element and a resident flagellin gene. With the
aim of tracing the antecedents of the phase
variation system, we compared the DNA se-
quences found in the corresponding regions of
the hag and HI genes. In addition, we mapped
the region of homology between the DNA se-
quences corresponding to hin and sequences
present in the invertible region of bacteriophage
Mu. In this paper, we present these results and
suggest a specific hypothesis to explain the
evolution of flagellar-phase variation.

MATERIALS AND METHODS
Enzymes and radioactive isotopes. All restriction

endonuclease enzymes were obtained from New En-
gland Biolabs and Bethesda Research Laboratories.
Enzymes used for radioactive labeling of the DNA
probes in the hybridization experiments included
DNA polymerase I (Boehringer Mannheim) and DN-
ase I (Worthington Diagnostics). Enzymes used for
labeling DNA fragments in nucleotide sequence deter-
mination included DNA polymerase large fragment
(Boehringer Mannheim), bacterial alkaline phospha-
tase (Worthington), and T4 polynucleotide kinase (P-L
Biochemicals). [-y-32P]ATP (>5,000 Ci/mmol) and y-
32P-labeled deoxynucleotide triphosphates (300 Ci/
mmol) were obtained from Amersham Corp.
Plasmid purification and isolation of DNA fragments.

Plasmid DNAs were prepared by Sarkosyl lysis (2).
Slab gels containing 0.7 to 1% agarose (Seakem) or 9o
acrylamide (BDH) were prepared in Tris-acetate buff-
er (40 mM Tris, pH 7.4, 20 mM NaAc). DNA frag-
ments were isolated from 0.7% agarose gels by a
modification of the freeze-squeeze method (28) or
from acrylamide gels by the squash elution method as
previously described (30).
DNA fragments in 1% agarose gels were denatured

and transferred to BA85 nitrocellulose filters (Schlei-
cher & Schuell). 32P-labeled DNA probes were pre-
pared by nick translation (20). The details of the
procedure for DNA filter hybridization were previous-
ly described (20). The normal hybridization conditions
were at 65C in 0.24 M phosphate buffer; the reduced
stringency conditions were at 50°C in the same buffer.

Nucleotide sequence determination. Labeling of 5'
ends with polynucleotide kinase and [y-32P]ATP after
bacterial alkaline phosphatase treatment and labeling
of 3' ends with DNA polymerase large fragment and -
32P-labeled deoxynucleotide triphosphates were ac-
complished by the procedure of Maxam and Gilbert
(17). Single-end-labeled DNA fragments were ob-
tained by secondary cleavage with a restriction en-
zyme. All sequence determination was done by the
method of Maxam and Gilbert.

Plasmids. The plasmids carrying the Salmonella
flagellin gene Hib (pJZ1) and the H2e'? gene (pJZ100)
have been described (29). Plasmid pJZ110 (28) has also

been described, and the Pst fragment derived from the
plasmid which includes the hin gene sequence and part
of the H2 flagellin sequence has been analyzed exten-
sively (30). The partial sequence of this fragment has
been reported. pLC24-16 is a plasmid obtained from
the Clarke and Carbon (5) collection. It includes a
large fragment of E. coli DNA that carries the se-
quences oorresponding to the hag gene as well asflaD,
flaC, flaB, andflaN. Plasmid pGM1 was kindly sent to
us by Dietmar Kamp.

RESULTS
Homology between flagellin gene regions. All

three flagellin genes have been cloned onto
plasmid vehicles: the HI gene on pJZ2 (29), the
hag gene on pLC24-16 (5), and the H2 gene on
pJZ100 (30). pJZllOf, a PstI restriction endonu-
clease fragment containing the invertible region
and the beginning of the H2 gene (Fig. 1), was
obtained from pJZ100, and its DNA sequence
was determined. We found that when pJZ2 and
pLC24-16 were radioactively labeled and used
as probes (26), they hybridized only to subfrag-
ments of pJZll0f that contained sequences cor-
responding to the N-terminal region of the H2
gene. By performing the reciprocal hybridiza-
tion, we were able to localize the beginning of
HI and hag on pJZ2 and pLC24-16, respective-
ly. The pJZ110 insert fragment was radioactively
labeled and hybridized to Southern blots con-
taining pJZ2 and pLC24-16 DNA fragments. The
results of this hybridization are shown in Fig. 1.
A 0.5-kilobase EcoRI-PstI fragment derived
from pJZ2 and a 1.8-kilobase BamHI fragment
derived from pLC24-16 are the only fragments
which demonstrate strong homology with the
probe. The 1.8-kilobase HamHI fragment was
subsequently recloned onto the plasmid vector
pMK2004 (10) and the recombinant plasmid was
named pES30.
To further define the regions of homology

among the flagellin gene sequences, hybridiza-
tion experiments were done with PES30 and
pJZ2. There is only one fragment in which each
of these shows strong homology with the other
DNA fragments (Fig. 2). This is presumably the
same sequence that hybridizes with the pJZ110
fragment and must therefore correspond to the
proximal portion of the gene, i.e., the sequence
that specifies the N-terminal region of the pro-
tein.
Comparison of DNA sequences. The fragments

containing the 5' region of the hag and HI genes
were isolated and mapped with respect to sever-
al other restriction endonuclease cleavage sites.
Figure 3 shows this map and the strategy adopt-
ed to determine the DNA sequence in this
region. The sequences corresponding to the be-
ginning of the H2, HI, and hag genes are shown
in Fig. 4. They are aligned with respect to their
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FIG. 1. Identification of DNA fragments containing the 5' regions of the HI and hag genes. The map of
restriction endonuclease sites on the H2-containing plasmid pJZ2 is shown in (A). The inner arrows indicate
EcoRI cleavage sites and the outer arrows indicate the PstI cleavage sites. The map of the hag-containing
plasmid pLC24-16 is shown in (B). The positions of the BamHI restriction endonuclease cleavage sites are
indicated by arrows. In both maps, the vehicle is distinguished from the insert with a heavier line. An EcoRI-PstI
digest of pJZ2 and a BamHI digest of pLC24-16 were electrophoresed in 1% agarose, and the ethidium bromide-
stained gel profiles are shown in the left lanes of (A) and (B), respectively. The gels were blotted onto a
nitrocellulose filter. pJZ110 fragment DNA, containing the first part of the H2 gene, was radioactively labeled
and hybridized to these filters. The map of pJZ110 is shown below. The approximate positions of the H2 and hin
genes are shown, and the 14-bp inverted repeat sequences flanking the inversion region are represented by
boxes. The autoradiograms obtained after hybridization are shown in (A) and (B) adjacent to the gel profiles. A
bar over the pJZ2 and pLC24-16 plasmid maps identifies the fragments which showed homology to the probe.

ATG initiation codons, and the numbering sys-
tem used here is the same as that used when the
sequence of the invertible region was reported
(26). At approximately nucleotide position 750 in
the sequences corresponding to the HI and hag
regions, there appears to be the start of another
gene that could be transcribed in the opposite
direction from the flagellin genes. Subsequent
experiments have shown that the open reading
frame does, in fact, correspond to the N-termi-
nal region of a gene which we have tentatively
called rfs. In the H2 gene sequence there is no
apparent homolog of ifs; instead the sequence
specifying the C-terminal region of the hin gene
is found at nucleotide position 650.
Seven "conserved regions," designated I

through VII, are underlined. These regions were
identified by the following criteria: (i) they con-
tained at least 5 bp of continuous homology; (ii)
they contained <20% overall sequence diver-
gence; and (iii) they were present in the same
relative locations upstream from the flagellin
genes. The relative spacing of these sequences is
shown in Fig. 5. In all three flagellin genes there

is a great deal of sequence homology that is
continuous. Furthermore, the region corre-
sponding to the rfs gene in E. coli and Salmonel-
la sp. also shows marked homology. However,
the sequences between the rfs and the flagellin
genes are related, but they do not show continu-
ous homology. Instead, an alternating pattern of
conserved and divergent sequences is found. In
addition, there is a clear difference in the 5'
noncoding region between H2 and other flagellin
gene regions. Whereas all seven of the con-
served regions are found adjacent to HI and
hag, only regions I, II, and III are found up-
stream from the H2 gene (see Fig. 5). Finally,
part of the 14-bp inverted repeat sequence asso-
ciated with H2 (RIR) is conserved in the regions
5' to HI and hag. This 5-bp sequence, ATCAA,
is part of a larger region of homology adjacent to
HI and hag (i.e., region I; see Fig. 4 and 5).
Homology between hin and gin. Previous re-

sults have shown that hin-containing plasmids
have homology with a region of bacteriophage
Mu containing gin and the G-loop. This homolo-
gy was detected by DNA-DNA hybridization
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FIG. 2. Determination of sequence homology between pES30 and pJZ2. The insert fragments from plasmids
pES30 and pJZ2 were digested with Sau3A and separated by electrophoresis in 0.9% acrylamide. The fragments
were transferred to nitrocellulose paper and hybridized with radioactively labeled pES30 or pJZ2. The
autoradiograms are shown. (I) Lane A, digest of pJZ2 hybridized with radioactive pJZ2; lane B, digest of pJZ2
hybridized with radioactive pES30. (II) Lane A, digest of pES30 hybridized with radioactive pES30; lane B,
digest of pES30 hybridized with radioactive pJZ2. The Sau3A restriction maps of the two fragments are shown.
The closed circles represent the start of the HI and hag coding regions. The bars below the map indicate the
regions of sequence homology identified in these experiments.

under conditions of reduced stringency, and the
amount of mismatch between these homologous
sequences was estimated by melting experi-
ments to be approximately 20% (26). The follow-
ing experiment was performed to show that the
homology detected previously reflected homolo-
gy between hin and gin sequences exclusively.
pGM1 (Fig. 6), a plasmid containing both the G-
loop and gin sequences from Mu, was digested
with HincII restriction endonuclease, and the
fragments were separated by electrophoresis in
1% agarose and transferred to nitrocellulose
filters. The hin-containing plasmid pJZ110, was
radioactively labeled and hybridized to the filter
blot under conditions of reduced stringency. The
results are shown in Fig. 6. Hybridization is

found with four bands, A, D, F, and G. Bands A
and D are attributed to hybridization between
plasmid vehicles, whereas bands F and G repre-
sent homology with sequences present on the
pJZ110 insert. Since fragments F and G contain
sequences from the gin gene (11) and since no
hybridization is observed with fragments C and
B, the homology with pJZ110 must be restricted
to sequences outside of the G-loop containing
gin. These hybridization experiments were re-
peated with AluI fragments of pJZ110 as probes.
Only AluI fragment K of pJZ110 (see Fig. 6, III)
shows strong homology with pGM1; again, only
fragments F and G from pGM1 hybridized.
Weak hybridization to these same fragments
was also observed when fragment L was used as

750
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FIG. 3. Strategy for nucleotide sequence determination. The restriction endonuclease sites on the BamHI

insert fragment of pES30 and the EcoRI-PstI fragment of the plasmid pJZ2Z are shown. Symbols: 0, Sau3A; V,
HincII; *, TaqI sites. Horizontal arrows indicate the fragments used for sequence determination. The direction
of sequence determination is indicated by the arrow. The tail end of the arrow represents the radioactively
labeled end of the fragment.

720 730 740 750 760 770 780 790 800

hin CCGAAAGGGTATACAAAAAAGACAGCATCTAATTAAAAAGAGAAAAAATTCMCGTATTMCATATATAGTGTMCGCGCTCACGATMAGG

ser gly val gly leu ser ser ile ser ala met
rfs TGA TCC CAC ACC TM TGA TGA MT TGA AGC CAT GCCTTCTTCCTTTTTGATTGCAAACAGTAGTTMGCGCGTTATCGG

val gly leu ser ser ile ser ala met
rfs GAC TCC CAG CGA TGA MT ACT TGC CAT GCGATTTCCTTTTATCTTTCGACACGTAMACGAATACCGGGGTTATCGGTCTG

VII
810 820 830 840 850 860 870 880 890

CCTATGTTACATCCAGCTATAGACGACATCGCTCAAAACACTACCAGACACAGTATTCACCTGGAAAGGCTTTTTMTCMAATGTTAGATGTAAGCA

CAATCTGGAGGCAAGTTTAATGATAATTTTGCAAAMTAATGCGCGGMTAATGATGCATAAAGCGGCTATTTCGCCGCCTMGAAAAAGATCGGGG

MTTGCGCAAAGTTTACGiTTAMTTGTTTTTTTTMTAGCGGGAATAAGGGGCAGAGAAAAGAGTATTTCGGCGACTAACMAAAATGGCTGTTTTTG
VI V IV

900 910 920 930 940 950 960 970 980 990

ATTACGGACAGAAAAATAGTAMGTTTATGCCTCMGTGTCGATAACCTGGATGACACAGGTMGCCTGGCATMCATTGGTTATCAMMCCTTCC

GAAGTGMMATTTTCTAAAGTTCGAAATTCAGGTGCCGATACMGGGTTACGGTGAGAAACCGTGGGGAACAGCCCMTAACATCMGTTGTAATTG

AAAAAATTCTAMGGTTGTTTTACGACAGACGATMCAGGGTTGACGGCGATTGAGCCGACGGGTGGMACCCMTACGTAATCAACGACTTGCAATA
III II I

1000 1010 1020 1030 1040 1050 1060 107(0

AAAAGGAAAATTTT ATG GCA CAA GTA ATC MC ACT MC AGT CTG TCG CTG CTG ACC CAG MT AAC CTG AAC MA H2
met ala gin val ile asn thr asn ser leu ser leu leu thr gin asn asn leu asn lys

ATAAGGAAAAGATC ATG GCA CM GTC ATT MT ACA MC AGC CTG TCG CTG TTG ACC CAG MT AAC CTG AAC MA Hl

TAGGATMCGAATC ATG GCA CM GTC ATT MT ACC MC AGC CTC TCG CTG ATC ACT CM MT AAT ATC AAC MG Hag

FIG. 4. Nucleotide sequences in the regions adjacent to the flagellin genes H2e?x, HI', and hag. The
sequences are aligned so that the initial coding nucleotide of each sequence will correspond to 1,012 (30).
Homologous regions are underlined and identified by Roman numerals (except for the ribosome-binding region).
The amino acid sequence implied for the H2 gene is shown below the nucleotide sequence. The amino acid
sequences for the rfs genes in E. coli and Salmonella sp. are shown above the nucleotide sequences.
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rfsS 35] ... .CGCGTTATCGG(10] ...GCAAAGMA.. .[18).. .TAATGCGCGGAATAA. .[16) .. .TAMC6CCGCCTAAAAAA.. .t13]..

rfsE (37) ... .CGGGTTATCGG10].... GCAAATMA... (17] ... .TAATAGCGGGAATAA. .16] .. .TATTTCGGCGACTAACAAAAAA. .12]..
VII VI V IV

GAAMAATAGTAAAGTT [14] CGATAACCTGGATGAC. (25] ..TTATCAAAACCTTC (15] H2

AMMAATMTCTAAAGTT.. (14] .CGATACMGGGTTAC. (22]. .CCCAATAACATAA..(25] HI

GAMAAATTCTAAAGGTT ... [13] ... CGATAACAGGGTTGAC. .t24]. .MCCCTAGTAAIM 27] HAG

III II

FIG. 5. Comparison of conserved sequences present upstream from the H2, HI, and hag genes. The
homologous sequences are shown, with the number of nucleotides that separate it from its neighbor indicated in
brackets.

the probe. Fragments 1Kand L are known to
both contain sequences corresponding to parts
of the hin gene (30). Furthermore, when bacteri-
ophage Mu DNA was used as a hybridization
probe against HpaII digests of pJZ110 DNA,
only the fragments that map within the hin gene
hybridized (data not shown).

DISCUSSION
There is a great deal of homology between the

genes that encode flagellin in E. coli and in

I

A C -H E

Salmonella sp. Genetic experiments have sug-
gested (9) that the homology is confined to one
region and that this region is highly conserved.
Our results (Fig. 2) show that approximately the
N-terminal one-third of the hag and H2 genes
show a great deal of homology and cross-hybrid-
ization. The middle and C-terminal regions of
the gene did not show hybridization under strin-
gent conditions.
The regulation of the rate of flagellin forma-

tion is complex. It involves the products of

gin
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FIG. 6. Homology between the hin gene region in Salmonella sp. and the gin gene region in Mu. I and II show
the restriction endonuclease map of pGM1 with the G-loop in the two possible orientations. The dotted line
represents the plasmid vehicle. The positions of Hincll restriction endonuclease cleavage sites are indicated by
arrows, and the 34-bp inverted repeat sequences flanking the G-loop are represented as boxes. The approximate
position of the gin gene is shown. A HinclI restriction digest of pGM1 was electrophoresed in 1% agarose and
transferred to nitrocellulose filters. The ethidium bromide-stained profile obtained from the gel is shown in the
left lane. Radioactively labeled pJZ110 DNA was hybridized to the filter blot, and the autoradiogram obtained is
shown in the right lane. Bars are drawn over the plasmid map in I and II to indicate approximate regions of
homology between sequences contained on the pGM1 insert and pJZ110. III shows the AluI restriction map of
the pJZ110 DNA fragments. The boxes represent the 14-bp inverted repeat sequences flanking the inversion
region, and the approximate positions of hin and H2 are indicated. A bar is drawn to indicate the region of hin
that hybridized with radioactively labeled pGM1.
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FIG. 7. Model summarizing the apparent origin of sequences found in the H2 gene region. Dotted vertical
lines are drawn to^indicate that a relationship has been demonstrated between the connected sequences either by
hybridization or directly by nucleotide sequence determination.

genes in the flagellar pathway as well as other
gene products that have no direct relationship to
the flagellar structure. The large number of
conserved sites upstream from the flagellin
genes and the presence of the rfs gene suggest
that they may all be involved in regulating
flagellin gene transcription and translation. The
factors that nigifl bind to these sites and the
regulation of flagellin gene activity are currently
being studied.
Phase variation is one mechanism used to

regulate-flagellinIgene expression. To develop a
specific hypothesis to explain the origin of phase
variation, we have looked for DNA sequences
homologous to those corresponding to the hin-
H2 region. Our results indicate that this region is
related to sequences from two different sources.
The H2 gene and its 5'-proximal sequence is
homologous with, the other flagellin genes found
in Salmonella sp. and E. coli, whereas hin is
related to sequences present in bacteriophage
Mu. In addition, the two recombination sites
flanking the invertible region in Salmonella sp.,
IRR and IRL, may have different origins. A
comparison of the recombination sites in bacte-
riophage Mu with these sites in Salmonella sp.
indicates that IRR and IRL are different. Kah-
mann and Kamp (in press) have recently deter-
mined that the G-loopis flanked by 34-bp invert-
ed repeat ;sequences which bear a close
resemblahce to the 14-bp inverted repeat se-
quences in Salmonella sp. The 34-bp sequence
in Mu contains as a subset the 14-bp IRR and
IRL phase variation sequences with only two
mismatches. In addition, the 20-bp sequence
adjacent to IRL, but not to IRR, has striking
homology with the rest of the Mu sequence. The

seqUence next to IRL in the phase variation
system has 15 of 20 bp that are identical with the
Mu sequence, whereas the sequence next to IRR
matches the Mu sequence in only 3 of 20 bp.
Thus, IRL and hin in the phase variation system
are most closely related to the right-side repeat
and gin in the Mu system.

All of the data are consistent with the notion
that the Salmonella sp. phase variation system
evolved from the juxtaposition of a mobile ele-
ment encoding a site-specific recombination
function (Hin) and its recognition sequence
(IRL) to a flagellin gene. The second site, IRR,
could have subsequently evolved from a site
present in the flagellin gene regulatory region
(Fig. 7). Specifically, we imagine (a mechanism
which would include) at least three stages. The
first stage would involve the introduction of a
transposon carrying a site-specific recombina-
tion function into a region approximately 100 bp
upstream from the start of the flagellin gene.
This noncoding region is presumably involved in
the regulation of flagellin gene expression. The
translocation of the flagellin gene, and its adja-
cent transposon, into a new region of the Salmo-
nella chromosome would comprise the second
step. This step could have occurred by a variety
of mechanisms; it may have been mediated by
the inserted transposon itself or else by another
transposable element. More than one origin is
also possible for the H2 gene precursor. It could
have evolved from HI, as originally suggested
by Iino (8), or it may derive from a flagellin gene
in a related bacterium. Finally, an aberrant
recombination event mediated by the site-specif-
ic recombination system encoded by the trans-
poson -could result in the "capture" of the
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flagellin gene promoter. A chromosomal se-
quence adjacent to the promoter which has
partial homology with the normally recognized
site could act as a new recombination site. As a
consequence of this step, recombination be-
tween the IRL site carried on the transposon and
the new chromosomal site (derived from a se-
quence present in the flagellin regulatory region)
would invert the DNA segment containing the
flagellin gene promoter. A reasonable candidate
for this chromosomal site is the conserved
ATCAA sequence, which is found approximate-
ly 25 bp upstream from each of the flagellin
genes hag, HI, and H2 and is found within the
inverted repeated sequence of the phase varia-
tion system.
The notion that mobile genetic elements could

participate in the evolution of regulatory path-
ways was first suggested by Barbara McClintock
(18) on the basis of her work in maize. The
evolution of the phase variation system in Sal-
monella sp., we believe, is an example of this
kind of process. The recruitment by recombina-
tion of new sites may be a general phenomenon.
It allows for the formation of new genetic config-
urations by exchange of specific functions be-
tween transposable elements and chromosomal
genes. The resulting mechanisms may be impor-
tant in cell development, evolution, and disease.
Although site-specific recombination functions
have, thus far, only been associated with trans-
posons and viruses in procaryotes, it seems
probable that such functions are also contained
on mobile elements in eucaryotes. Hence, site-
specific recombination may play a role in many
of the processes involving the regulation of gene
activity in both procaryotes and eucaryotes.
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