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SUMMARY 

In the phase variation system of Salmonella, the altetna
tive expression of Hl and H2 flagella is controlled by a region 
of DNA adjacent to the H2 structural gene known as the Phase De
terminant. The Phase Determinant regulates H2 gene activity via 
a site specific recombinational event. Electron microscopic evi
dence and restriction endonuclease site mapping indicate that the 
recombinational event results in an inversion of a region of DNA 
800 bp (base pairs) in length. The inversion process does not 
depend on the RecA recombinational pathway of E. coli. Plasmids 
have been constructed in which the expression of non-related 
genes appear to be under phase variation control. These plasmids 
have provided evidence concerning the direction of transcription 
of the H2 structural gene and the position of the H2 promoter. 

INTRODUCTION 

There appear to be various mechanisms by which organisms 
regulate the expression of their genetic material. One type of 
control mechanism, first described by B. MCCLINTOCK in Zea Mays, 
involves specific rearrangements of genetic material which re
sult in the activation of certain genes (1957, 1978). Observa
tions in other systems, including Drosophila (GREEN, 1977, 1978), 
Escherichia coli (STARLINGER & SAEDLER, 1972), and Saccharomyces 

ce .r>evisiae (HICKS, STRATHERN, & HERSKOWITZ, 1977) may also be ex-
plained by invoking mechanisms involving insertions, inversions, 
and transpositions of DNA. Recently, with the introduction of 
molecular cloning techniques, evidence for this dynamic property 
of DNA and its role in the regulation of gene expression has 
been presented. For example, TONEGAWA has shown that the con
struction of a mature immunoglobin gene in mice may involve trans
position events (TONEGAWA, BRACK, HUZUMI, 1977}. Furthermore, 
the inversion of a specific region of the bacteriophage mu ge
nome, the G region, appears to be correlated with the formation 
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of viable phage particles under certain conditions (CHOW & BUKHA
RI 1977). 

A clear example of a specific rearrangement of genetic mat
erial which is invo lved in regulating gene expression is found in 
the phase variation system of Salmonella (ZIEG, SILVERMAN, HILMEN 
& SIMON 1977a, 1977b). Salmonella strains have two antigenically 
distinguishable flagellar t ypes , Hl and H2. These flagellar types 
differ in approximately 13 % of the amino acids which compose the 
flagellin protein, the structural subunit protein of the flagellar 
filament (McDONOUGH 1965). The genes wh ich code for Hl and H2 
flagellin are located in different regions of the Salmonella ge
nome (LF.nP.RBERG & EDWARDS 195 3) . Their alternative expression 
appears to be controlled by two genetic elements linked to the H2 
gene: the Phase Determinant (PD) (LEDERBERG & IINO 1956), and 
rhl , which must repress expression of the Hl gene (FUGITA, YAMA
GUCHI & IINO 1973 ) . It has been proposed that when the PD pro
motes expression of H2 flagellin, the rhl gene product is concom
inantly synthesized, and Hl expression is repressed. When the PD 
does not promote H2 expression, the repressor is also not produced, . 
and Hl is then expressed. A suggested mechanism by which the PD 
controls H2 gene expression involves a metastable property of the 
DNA in the region adjacent to the H2 structural gene (ENOMOTO & 

STOCKER 1975). 

Isolation and Characterization of the Phase Determinant 

To determine the nature of the metastable change in the 
Salmonella genome, DNA regions carrying the Hl and H2 genes were 
isolated by t wo molecular cloning techniques: (1) Eco RI restric
tion of the genome and ligation onto plasmid vehicle Col El (HERSH
FIELD, BOYER, YANOFSKY, LOVETT & HELINSKI 1974), and (2) mechani
cal shearing of the genome, tailing with poly(dC), and annealing 
to plasmid pAOl which had been treated with Pst I endonuclease 
and tailed with poly (dG) (A. OTSUKA, personal communication). The 
latter method would have the effect of manufacturing Pst I sites 
at the ends of the sheared fragments. After transformation into 
~n E. coli host deficient in synthesis of its own flagellin mole
cule (Hag-), colonies that were motile were selected and tested 
with specific antiserum to dete'rmine whether they were expressing 
Hl or H2 flagella. The clones identified as expressing H2 flagel
la were also shown to exhibit a type of phase var iation between 
H2-specific motility and non-motility. Thus, it was concluded 
that the PD must be present and functional on the cloned fragment. 
When plasmid molecules carrying this region were linearized with 
a restriction endonuclease, denatured, renatured, and examined by 
electron microscopy (DAVIS, SIMON & DAVIDSON 1971), a region of 
nonhomology corresponding to approximately 800 bp was observed 
(Fig. 1). A direct correlation between the frequency of these 
"bubble" structures and the phase state of the DNA was established 
(ZIEG, SILVERMAN, HILMEN & SIMON 1977a). Therefore, it appeared 
that some specific rearrangement of the DNA was responsible for 
phase variation in Salmonella . Fig. 2 indicates the position of 
the "bubble" region and restri~tion endonuclease sites on some of 
the cloned fragments and derivatives. The small derivative, 
pJZll0, no longer carries a functional H2 structural gene, there
by mapping the H2 gene to the region of the DNA shown in Fig. 2. 
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FIGURE 1. Electron micrographs of renatured DNA fragments which carry the 
H2 structural gene. The 15 kb fragment obtained by Eco RI endonuclease di
gestion (I), pJZl, has a region of nonhomology near one end of the molecule . 
Internal Sal I endonuclease sites allowed the original fragment to be reduced 
in size (II and III). The smaller derivative (III), pJZ60, is only 3.75 kb 
in length, yet still carries a functional H2 gene. 

The Inversion Model 

Electron microscopic examination of the hybrid plasmids us
ing slightly altered renaturation conditions, suggested the nature 
of the genetic rearrangement. In the structures shown in Fig. 3, 
the central region is double-stranded while the arms are nonhomo
logous and, thus, unable to pair. These "H" structures, remini
scent of those seen by HSU & DAVIDSON in the analysis of the G-in
version of bacteriophage mu (1974), are formed by heteroduplexes 
between strands carrying opposite orientations of this 800 bp re
gion of DNA. "H" structures shown . in Fig. 3A were formed by Pst I 
digested pJZll0 creating 0.1 and 0.15 micron arms flanking the 0 .27 
micron central region. "H" structures were also seen with hetero
duplexes between Pst I treated pJZll0 and Eco RI digested pJZ60 (B) 
Some of these had the expected 0.1 and 0.15 micron arms of pJZll0 
and the 0.5 micron arms of pJZ60. When heteroduplexed structures 
such as those shown in (B) associate and anneal with each other, 
the entirely double-stranded structures shown in (C) are observed. 
These heteroduplexes are all consistent with the notion that the 
genetic rearrangement involved in phase variation is an inversion 
of a region of DNA 800 bp in length adjacent to the H2 structural 
gene . 
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FIGURE 2. Position of the "bubble" region and restriction endonuclease 
sites on cloned fragments and derivatives . pJZ60 was derived from the origi
nal fragment obtained by Eco RI endonuclease digestion, pJZl. pJZl00 was ob
tained by the poly{dC)-poly{dG) tailing technique. The manufactured Pst I 
endonuclease sites are indicated as Pst I* sites. The Pst I* site to the 
right of the "bubble" region as drawn is only 450 bp from the end of the "bub
ble" region. The Pst I derived fragment of pJZll0, pJZll0 is only 1.5 kb in 
length and no longer carries a functional H2 structural gene. The H2 gene 
must--,-----there-fore, - lie in- the- reg±on- ind±cated on the fi-gure-. - The- plasmid ve
hicle for each cloned fragment is indicated. 

FIGURE 3. "H" structures formed by heteroduplexes between DNA strands carry
ing opposite orientations of the central 800 bp region. In {A), "H" structures 
were formed with Pst I digested pJZll0. In {B), heteroduplexed Pst I treated 
pJZll0 and Eco Rf dfgested pJZ60 also fonn"H" structures with the predicted 
arm_ lengths. The "double-H" structures shown in {C) are composed of molecules 
such as those in {B) which have associated with each other. The arms from the 
two "H" molecules have annealled, forming totally double-stranded molecules with 
two double-stranded central regions. 
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Restriction Site Analysis 

The inversion model was supported by restriction endonucle
ase site mapping of the cloned fragment carried on pJZllO. Two 
derivatives of pJZllO, pJZ120 and pJZ140,were used in the re
striction site analyses. These derivatives contain identical and 
inverted arm sequences flanking the inversion region. The forma
tion of these derivatives may have occurred by a recombinational 
event within multimer molecules in preparations of pJZllO. Fig. 
4. shows that digestion of pJZllO with Pst I endonuclease yields 
minor bands (low intensity) slightly larger (1.7 kb) and slightly 
smaller (1.4 kb) in size than the cloned 1.5 kb fragment. Com
parison of Fig. 4 (A and B) with Fig. 4 (D and E) illustrates that 
the intensity of the minor bands reflects the amount of multimer 

-O,m u --

- MoMmer-

FIGURE 4. Analysis of pJZll0 by 1% agarose gel electrophoresis. rn A and o, 
supercoiled DNA samples of two preparations of the plasmid DNA reveal differ

ent amounts of monomer, dimer, and multimer molecules. Band E show the Pst 
I digestion patterns of the pJZll0 preparations. Different intensities of 
the 1.70 kb and 1.42 kb Pst I minor bands can also be seen between the two · 
preparations. Eco RI digestion patterns of the two preparations are shown in 
C and F. Again, ~he amounts of 7.9 kb and 2.9 kb Eco RI minor bands vary 
with the preparation. The 1.42 kb and 1.70 kb Pst r minor bands from pJZll0 
{G) were isolated and cloned separately on pBR322, and they are shown in H 
(pJZ140) and I (pJZ120). The size of the restriction fragments is given in 
kilobase pairs. 

forms in the DNA preparation. Eco RI restriction similarly 
yielded minor bands (Fig. 4C and F). The Pst I minor bands were 
isolated from the agarose gel and cloned separately on pBR322 
(Fig. 4H and I); they are pJZ120 and pJZ140, respectively. Fig. 
5 illustrates a possible mechanism for the generation of these 
minor bands. Within a dimer molecule, a recombinational event 
between inversion regions oriented in opposite directions (left) 
would effectively invert the region between the cross-over points. 
The resulting molecule (right) would give fragments that are 
slightly larger and smaller in size than the original cloned 
fragment upon Pst I digestion. To confirm that the pJZ120 and 
pJZ140 derivatives did contain inverted repeat arm sequences, 
these plasmids were examined by electron microscopy following Pst 
I endonuclease digestion, denaturation, and rapid renaturation. 
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FIGURE 5. Possible scheme for the generation of Pst I minor bands of pJZll0. 
In a tandem dimer of pJZll0 (left), the inversion regions could orient them
selves in opposite directions. A recombinational event between these regions 
would result in the formation of the molecule shown on the right. This mole
cule now has two 450 bp arm sequences flanking one of the inversion regions, 
and two 300 bp arm- ~equences flankrng- the oth~r- inversion- reg ion. Pst I 
treatment of this recombinant would yield fragments 150 bp longer and shorter 
than the original pJZll0 fragment - the minor band fragments. Also, the gen
eration of the Eco RI minor bands could also be explained by this mechanism. 

Structures such as those seen in Fig 6 were observed. Most of 
the molecules are the result of rapid intrarnolecular reannealing. 
The double-stranded sterns measure 0.1 micron or 300 bp in length 
for pJZ120 (A) and 0.15 micron or 450 bp in length for pJZ140 
(B). This corresponds to the length of the DNA that is dupli
cated on each end of the molecule. 

These duplicate arm plasmids were then used to determine the 
distribution of restriction endonuclease sites within the inver
sion region and the 300 bp and 450 bp arm sequences (Fig. 7). The 
pJZ120, pJZll0, and pJZ140 fragments were digested with Hae II, 
Hae III, and Hpa II restriction endonucleases and the products 
were examined by polyacrylarnide electrophoresis. The maps are 
consistent with the notion that the central 800 bp region can 
exist in either orientation. The restriction endonuclease maps 
can also be used to determine the nucleotide sequence of the re
gion. Valuable information concerning the nature of the end se
quences of the inversion region, the beginning of the H2 gene 
transcript, etc., may be obtained from the nucleotide sequence. 

RecA Independence 

The sharpness of the bands observed on polyacrylarnide gel 
electrophoresis and the constancy of measurements of "bubble" and 
"H" structures- in the elecfron microscope suggest that the inver
sion process is occurring through some site-specific recombina
tional event at the end points of the inversion region. To de
termine if the inversion event occurring at these sites is depen
dent on the host cell's major recombinational pathway, hybrid 
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FIGURE 6. Electron micrographs of rapidly reannealled pJZ120 and pJZ140 
fragments. The double-stranded stems of structures formed from pJZ120 (A) 
measure .30 kb, the length of the inverted arm sequences. The single-stranded 
circle at the end of the stem corresponds to the length of the inversion re
gion. Similarly, in (B), the double-stranded stems correspond to the length 
of the inverted arms of pJZ140, .45 kb. 

plasmids were transformed into RecA strains HB101 and MS726. 
Plasmid DNA prepared from these strains was denatured, renatured, 
and spread for electron microscopy. "Bubble" and "H" structures 
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FIGURE 7. Restriction ·endonuclease site maps of pJZllO. In the top two 
drawings, the Hae II and Hae III endonuclease sites are indicated for the 
pJZllO fragment with the inversion region oriented in both directions . The 
Hae III sites are indicated by the straight arrows and the Hae II site as 
the curly arrow . The lower two drawings indicate the positions of Hpa II 
endonuclease sites on pJZllO in both configurations. 

were observed at frequencies very similar to those observed with 
DNA prepared from Rec+ strains. Thus, the inversion event pro
ceeds via some enzymatic system other than the RecA system of E. 
coli. It is possible that the inversion region codes for an en
zyme that catalyzes the inversion process. The region has suffi
cient coding capacity for a polypeptide of molecule weight 24,000-
30,000. There may also be host enzyme systems other than the 
RecA system which catalyze the inversion process. 
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VARIOUS CONSTRUCTIONS INVOLVING H2 

If the ends of the inversion regions have sites necessary 
for inversion, it should be possible to obtain mutations at these 
sites which would prevent change in orientation of the region. 
In order to select for these "fixed" mutants, a phenotype which 
can be easily scored wo uld be desirable. It is to this end that 
we have constructed a number of recombinant molecules in which 
different genes appear to be under the control of the phase vari
ation switch. In one such construction, illustrated in Fig. 8, 
the phase variation switch has been inserted adjacent to the trpB 
gene from Salmonella . This hybrid molecule (pJZ200) transformed 
into an E. eoli strain carrying a trpB - E deletion allowed the 
transformed cells to grow on minimal medium supplied with indole, 
using the trpB function on the hybrid plasmid. Furthermore, the 
indole utilizing cells appeared to be undergoing phase variation 
to the Indole-phenotype while maintaining the antibiotic resis
tance of the plasmid vehicle . Thus, it appears that the trpB 
function is being controlled by the phase variation switch and 
from a promoter activity within the H2 gene fragment. It is our 
hope that the Trp+ phenotype will provide a stringent selection 
through which mutants fixed in the ability to utilize indole may 
be found. 

The pJZ200 hybrid plasmid also suggested the direction of 
the H2 gene transcription. A similar construction was made in 
which the phase variation switch was inserted adjacent to the 
eheW gene from E. eoli on a hybrid lambda vehicle in the same con
figuration as in pJZ200 (SILVERMAN, unpublished observations). 
This hybrid confirmed the direction of transcription as being 
from the inversion region toward the arm carrying the H2 gene. 
By examining the restriction products of lambda vehicles carrying 
these genes on polyacrylamide gels, it was shown that when the H2 
gene was "on", H2 flagellin and the eheW gene products were pro
duced. When the H2 gene was "off", neither H2 flagellin nor the 
e h eW gene product was synthesized. 

These constructions also imply that the fragment carrying 
the inversion region contains the promoter activity for trans
cription of the H2 gene and genes downstream . Recent experiments 
in which specific substitutions of gal DNA into parts of the in
version region were constructed, suggest that the promoter lies 
within the inversion itself (SILVERMAN, unpublished observations). 

CONCLUSIONS 

Genetic studies in a number of systems have suggested that 
the expression of genes may be regulated through rearrangements 
of the genetic material. The phase variation system of Salmonel 
la offers an opportunity to study the nature of these types of 
regulatory mechanisms at the molecule level. A site-specific 
inversion of a region of DNA 800 bp in length appears to be re
sponsible for phase transition. This inversion process is RecA 
independent, yet may proceed through some other host enzymatic 
system or by a product coded by the inversion region itself. It 
appears that the promoter that initiates transcription of the H2 
gene is included in the inversion region. When the region is o
riented in one direction, this promoter is coupled to the H2 
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F I GURE 8 . Construction of the TrpB-H2 hybrid plasmid. P la s mid vehicl e pCRl 
was used as a recipient for an Eco RI fragment carrying t he TonB and TrpA and 
B genes from Salmone lla . Th i s hybrid p l asmid , pES9 , carries t he KanR dete r 
minant of the p l asmid vehic l e . The Sal I s i te i n s ide the inserted Eco RI frag
ment was used to de l ete the Sa l I fragment forming plas mi d pES9~1 which has a 
s i ngl e Eco RI s i te-; This p l'asmid was then- used- as a - recipient for -the- 3~ 75 kb 
Eco RI fragment from p J Z60 carrying the inversion region (defined b y the small 
boxes) a na t ne H2 struc tural gene . The hybrid plasmid , pJZ200 , is 1 7.25 kb 
i n lengt h and expresses both the H2 gene and Trp B gene s from the phase vari
a t i o n control region . 
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structural gene; while in the opposite orientation, they are un
coupled and the H2 gene is not transcribed. 
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