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Moraxella bovis Epp63 can express either of two different pilin proteins, called a and Pi. We have previously
cloned and sequenced the I-pilin gene and now report that DNAs isolated from bacteria expressing a pilin have
hybridization patterns consistently different from those of bacteria expressing I pilin. The phase variation
between a- and j-pilin gene expression appears to be associated with an inversion of about 2 kilobases of DNA,
whose endpoints occur within the coding region of the expressed pilin gene. Comparisons of the ,-pilin gene
sequence with those of well-studied bacterial inversion systems revealed a stretch of 58% sequence similarity
(21 of 36 base pairs) between the left inverted repeat of the Salmonella typhimunium flagellar hin control region
and the amino-terminal portion of the ,I-pilin gene.

Moraxella bovis is the primary cause of infectious bovine
keratoconjunctivitis, a widespread, highly contagious ocular
disease of cattle that causes temporary and, occasionally,
permanent blindness (16, 22, 28). Two factors, pili and
hemolysin, have been established as being involved in the
pathogenesis of M. bovis infection. The pili are probably
required for the attachment of M. bovis to the corneal
epithelium, with only piliated (P+) strains able to infect
experimentally exposed cattle (48). A wide variety of phe-
notypes are associated with piliation, including colony mor-
phology and agar corrosion (4, 48), twitching motility (20,
21), and competence for DNA transformation (5). Further-
more, P+ bacteria mediate the agglutination of bovine eryth-
rocytes and form a pellicle on the surfaces of broth cultures
(54). Piliated-to-nonpiliated (P-) transitions occur spontane-
ously in vitro, with 1 in 10,000 colonies changing from a P+
to P- colony morphology when M. bovis is grown on agar
(4). The reverse transition, from P- to P+, has been seen at
various frequencies, from none to about 1 altered colony
observed per 10,000 (4).
M. bovis produces serologically different pilus types (54),

and a pilus vaccine induces protective immunity only against
challenge with a homologous strain (52). Different strains
make pilin (the repeating polypeptide subunit which makes
up pili) of various molecular weights, and a single strain is
capable of producing more than one type of pilin protein
(41). M. bovis Epp63 produces two pilins, ax (about 18,000
daltons) and a (about 16,000 daltons) (41; W. Ruehl, C.
Marrs, R. Fernandez, S. Falkow, and G. Schoolnik, submit-
ted for publication). Transitions from production of ax pilin to
production of P pilin and vice versa occur directly without
the strain necessarily going through a P- state (Ruehl et al.,
submitted).
The M. bovis pilin proteins are part of a conserved family

that share extensive amino-terminal amino acid sequence
homology and contain the modified amino acid N-methyl-
phenylalanine (MePhe) as the first residue (23, 42). This
family includes the pilins of Moraxella nonliquefaciens (15),
Neisseria gonorrhoeae (23, 53, 57), Bacteroides nodosuis
(42), Pseudomonas aeruginosa (56), and Vibrio cholerae
(70).

* Corresponding author.

We have previously cloned and sequenced the M. bovis
P-pilin gene (41). To determine the number and arrangement
of pilin genes present in M. bovis Epp63, we used our p-pilin
gene as a probe in genomic Southern hybridization experi-
ments. In this paper, we provide evidence that the switch in
expression between ot and 3 pilin of Epp63 is due to an
inversion of a 2-kilobase (kb) region of DNA.

(This material was presented in part at the 87th Annual
Meeting of the American Society for Microbiology, Atlanta,
Ga., 1 to 6 March 1987.)

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. M. bovis Epp63 and

the recombinant plasmids pMxB7 and pMxBl2 were de-
scribed previously (41). M. bovis Mac74 and IBH64 were
generously provided by G. W. Pugh, Jr., Agricultural Re-
search Service, Ames, Iowa. M. bovis was grown on GC
agar base (Difco Laboratories, Detroit, Mich.) with 1%
IsoVitaleX (BBL Microbiology Systems, Cockeysville,
Md.). Escherichia coli strains containing drug-resistant plas-
mids were grown on L agar containing 100 ,ug of carbenicillin
per ml (Sigma Chemical Co., St. Louis, Mo.).
DNA isolation and manipulation and Western blotting

(immunoblotting). Total DNA was prepared by the method
of Hull et al. (29). Plasmid DNA was isolated by the
polyethylene glycol method of Humphreys et al. (30) fol-
lowed by exhaustive dialysis in buffer (10 mM Tris [pH 7.9],
10 mM NaCl, 1 mM EDTA). Restriction endonucleases were
purchased from New England BioLabs, Inc., Beverly,
Mass.; Bethesda Research Laboratories, Inc., Gaithersburg,
Md.; Boehringer Mannheim Biochemicals, Indianapolis,
Ind.; or Promega Biotec, Madison, Wis. Restriction enzyme
digests, agarose gel electrophoresis, and isolation of restric-
tion enzyme-generated DNA fragments were carried out as
described previously (39). Transfer of DNA fragments from
agarose gels onto nitrocellulose paper was done by the
method of Southern (64), and hybridizations were done by
the method of Blattner et al. (3), except that hybridizations
and washes were carried out at 56 instead of 68°C. DNA
fragment probes were labeled with [cx-32P]dCTP (New En-
gland Nuclear Research Products, Boston, Mass.) by use of
a nick translation kit (Bethesda Research Laboratories).
Western blotting of proteins from whole-cell extracts
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FIG. 1. Western transfer analysis of M. bovis bacteria lysed and electrophoresed on 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and electrophoretically transferred to nitrocellulose paper. The resulting filters were incubated with antisera and 1251I-labeled
protein A as described previously (8). In all cases, four times as much protein of the P- samples as of the P+ samples was loaded. P- bacteria
were defined by colony morphology and by the absence of pili on negatively stained bacteria observed with transmission electron microscopy.
(A and B) Filter was reacted with antisera against a pili (A) and 1P pili (B). Lanes: 1 and 3, Epp63, a P'; 2, Epp63 P- derived from an a P'
parent; 4, Epp63, P P'; 5, Epp63 P- derived from a P P+ parent; 6 and 8, Mac74 P'; 7 and 9, Mac74 P-; 10, IBH64 P'; 11, IBH64 P-. (C)
Filter was reacted with antiserum against P pili. Lanes: 1, Epp63 P P'; 2, Epp63 P- derived from a P P' parent.

separated according to molecular weight by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was performed as
described previously (8), except that 1 mM EDTA was used
in place of 0.15% sodium azide.

RESULTS

M. bovis Epp63 can produce two different types of pili,
which have pilin subunits a or 3; these subunits differ
serologically and in migration pattern in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Fig. 1). One of
the derivatives of an a-piliated culture which appeared
nonpiliated by colony morphology still produced reduced
amounts of a pilin (Fig. 1A and B, lane 2). Similarly,
production of p pilin by a phenotypically nonpiliated variant
was observed (Fig. 1A and B, lane 5). In contrast, a second
nonpiliated variant failed to produce any pilin (Fig. 1C).
Thus, there appear to be at least two different types of
nonpiliated variants, those which still produce pilin and
those in which no detectable pilin can be visualized by
Western analysis.

Pilin proteins of two other independently isolated M. bovis
strains, Mac74 and IBH64, were also examined. The Mac74
pilin was similar to the a pilin of Epp63 both in size and in
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apparent reactivity to the a- and ,B-specific antisera. The
pilin from the IBH64 isolate, on the other hand, migrated at
an intermediate size between a and P pilins and seemed
about equally cross-reactive to antiserum produced against
either a or 1B pili.

Previously we cloned and sequenced the ,B-pilin gene of
Epp63 (41). We used different regions of the cloned 13-pilin
gene (Fig. 2) as probes in genomic Southern hybridization
analysis of DNA isolated either from a culture expressing
pilin or from a culture expressing a pilin as determined by
Western blot analysis. Representative Southern hybridiza-
tion data are illustrated in Fig. 3. Probe 1 (Fig. 2) consisted
of the entire M. bovis insert region of pMxBl2. Southern
hybridizations of probe 1 to genomic DNA which was
digested with some enzymes that did not have cleavage sites
within probe 1 produced hybridization patterns, which were

identical for (x and P DNAs, consisting of one strong and one
weak band of hybridization. Examples are Aval and CfoI
(Fig. 3) and Bcll, BglII, EcoRI, HaeII, HindIII, MspI, NdeI,
PstI, PvuI, and PvuII (data not shown). A second class of
enzymes, which also lacked sites within the pMxB12 insert,
produced hybridization patterns that consisted of two strong
bands of hybridization, which differed in a and c DNAs, and
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FIG. 2. Restriction map of the insert region of pMxBl2, listing pertinent sites. Restriction sites for DraI, EcoRI (Rl), HaeIlI,
HindIII, HpaI, KpnI, SinI, and XbaI are shown. The thick line represents the region of M. bovis insert DNA, and the thin lines represent
parts of pBR322. The arrow beneath the map represents the coding region of the ,B-pilin gene, with the arrowhead as the carboxy-terminal
end.
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FIG. 3. Genomic Southern hybridizations with different 13-pilin gene portions as probes (plus small amounts of labeled DNA to hybridize
to the size standards). Panels A, B, and C contain the same patterns of DNA digests hybridized to probe 1 (A), probe 2 (B), and probe 3
(C). a and P DNAs were used as indicated; where neither a nor P is indicated, X DNA was used. Lanes: 1, HindIII; 2 and 3, Hinfl; 4 through
7, HaeIII; 8, PstI; 9 and 10, SinI; 11 and 12, SinI plus HindlIl; 13 through 15, DraI. Panels D, E, and F contain identical patterns of DNA
digests hybridized to probe 1 (D), probe 2 (E), and probe 3 (F). Lanes: 1, HindIll; 2 and 3, EcoRV; 4 and 5, EcoRV plus HindIII; 6 and 7,
ClaI; 8 and 9, AvaI; 10, DraI; 11 and 12, Cfol; 13 and 14, Scal; 15, Pstl.

one weaker band each, which was identical in both a and 1B
DNAs (e.g., ClaI and EcoRV). Hinfl was unique in having a
single strongly hybridizing band with DNA but two dif-
ferent strongly hybridizing bands with a DNA; both DNA
types showed an additional identical, weakly hybridizing
band (Fig. 3).
Enzymes that had sites within the insert sequence of

pMxBl2, including DraI, HaeIII, and SinI (Fig. 3) and XbaI
(data not shown), also each produced two strong bands of
hybridization that differed in a and ,B DNAs and a weaker
band that was identical. The presence of two strong bands of
hybridization with some enzymes which do not cleave within
the probe used is evidence for the presence of at least two
genes. However, the fact that digestion with any of a large
number of enzymes resulted in only one strongly hybridizing
band implies that the separate sequences that hybridize
strongly are molecular neighbors. Since the AvaI band,
which is the smallest unchanged band, is only 4.7 kb, the
strongly hybridizing genes must all be present within that
nucleic acid region.
The weak bands of hybridization seen with probe 1 which

remain constant for a and ,B DNAs could be due to the
presence elsewhere in the genome of less-homologous pilin
gene sequences that do not differ between a and ,B DNAs.
However, two observations lead us to believe that the weak
bands of hybridization seen with probe 1 are not pilin gene
sequences. The first observation was that the HindlIl site
present in pMxB12 did not have a corresponding site in
genomic DNA at the predicted distance from the other
known enzyme sites within the 13-pilin gene. In addition,
when the region further 5' of the 13-pilin gene, which was
deleted when the plasmid pMxB12 was constructed from the
plasmid pMxB7 (41), was used as a probe, it hybridized
strongly to those weak bands of hybridization observed
when probe 1 was used (data not shown). We feel that the
most likely explanation for these data is that as an artifact of
the original cloning, pMxB7 is made up of two separate,
noncontiguous pieces of M. bovis DNA. Fortunately, only a
small region past the HindIII site into pMxbl2 appears to
contain DNA that is not normally next to the pilin genes in
the chromosome. Thus, the weakly hybridizing bands cor-
responding to this noncontiguous region show a relatively
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TABLE 1. Sizes and sums of sizes of fragments hybridizing to
probes 1 and 2

Enzyme(s) DNA No. of Band Sum oflanes sizes" band sizes

ClaI a 2 -25, 3.9 -29
[B 2 -24, 5.3 -29

Sinjb at 9 8.4, 6.0 14.4
[3 6 7.5, 6.8 14.3

SinI + HindIIlb a 3 5.9, 1.5 7.4
[3 3 4.5, 3.1 7.6

EcoRV a 5 12, 0.97 13
,B 3 11, 1.4 12.4

EcoRV + HindIll ot 3 5.3, 0.95 6.3
[3 3 4.9, 1.4 6.3

Xbalb a 4 4.5, 3.9 8.4
[3 2 6.2, 2.2 8.4

HaeIIIb a 6 3.3, 2.8 6.1
[3 5 5.0, 1.1 6.1

Dralb a 3 4.1, 1.6 5.7
[3 3 5.0, 0.69 5.7

Hinfl a 10 2.0, 1.5 3.5
[3 8 1.7 (x2) 3.4

" Fragments with size (in kilobases) in boldface also hybridize to probe 3.
b Sites which cut within pMxBl2 insert.

fainter signal because they hybridize to less than 10% of
probe 1 rather than because of low homology.
To obtain further information on the structure of the pilin

gene region and to test the above-described theory, two
additional probes which each contained only a portion of the
[-pilin gene were used. Probe 2 was an HpaI-KpnI fragment
of pMxBl2 containing a small amount of the 5' region plus
the conserved amino-terminal region of the [-pilin gene,
while probe 3 was a SinI-EcoRI fragment of pMxBl2 con-
taining the carboxy-terminal region of the [B-pilin gene
(which by amino acid sequence differs significantly from the
a-pilin gene [41]) plus a short region 3' of the gene (Fig. 2).
Examples of the hybridization patterns of these two probes
compared with those of probe 1 are shown in Fig. 3.
Hybridization patterns obtained with probe 2 or probe 3
instead of probe 1 resulted in the loss of the more weakly
hybridizing bands that were invariant between a and [3
DNAs, a result that supported our hypothesis. Probe 2 often
hybridized to two bands, while probe 3 hybridized to only
one of those two bands. This implies that while probe 2
contains a region of the [-pilin gene that cross-hybridizes to
the a-pilin gene sequences, probe 3 is [B-pilin specific and
does not cross-hybridize with the a-pilin gene sequences.
We measured the sizes of all the hybridizing bands shov'

in Fig. 3 and a large number of additional hybridizati..
patterns not shown. Table 1 lists the sizes of the bands
observed for a variety of different genomic digests hybrid-
ized to probe 2 or of the strong bands of hybridization seen
when probe 1 was used. Although the sizes of the two
hybridizing bands for a given enzyme used on a DNA
generally differ from the size of the bands seen with that
same enzyme used on [B DNA, the sum of the sizes of the
two bands observed for a DNA always equaled the sum of
the sizes of the two bands observed for [ DNA (Table 1).
The one apparent exception was Hinfl, which gave only a
single band of hybridization to [ DNA but two different
bands of hybridization to a DNA. This can be explained if
the single [ band of hybridization is actually a doublet made
up of two identically sized DNA fragments. The conserva-
tion of sums seen in Table 1 is a pattern characteristic of
DNA inversions.

The hybridization patterns observed with probes 1 and 2
and the identification of the [B-pilin gene by the use of probe
3 allowed the construction of the maps of the pilin gene
region for both a and [3 DNAs (Fig. 4). The maps are
identical except for a 2-kb region which is inverted in a DNA
relative to [ DNA. It is important to keep in mind that since
this map was generated solely from hybridization data,
additional sites for the enzymes shown could occur within
the region depicted if the additional fragments they produce
do not contain any of the sequences that hybridize to the
probes used. Also, very small fragments would have run off
the agarose gels, and thus, closely spaced sites could not be
seen. An example of this are the closely spaced DraI sites 5'
of the coding region of the [-pilin gene, which are predicted
from the sequence of pMxB12 (Fig. 2) (41).
A comparison of the M. bovis [B-pilin sequences with the

sequences of the recombination sites of some known bacte-
rial inversion systems revealed a stretch of 58% homology
(21 of 36 base pairs [bp]) between the left inverted repeat of
the Salmonella typhimuriium inversion region (hixL), which
controls flagellar expression, and the amino-terminal portion
(corresponding to amino acids 9 to 21 of the mature protein)
of the [3-pilin gene (Fig. 5). This 36-bp region of 58%
sequence similarity falls entirely within a previously defined
40-bp region of homology between hixL and the other
inversion recombination sites of the hin family of inversion
sequences (24, 51). Figure 5 shows the homology between
hixL and the other sites known to be recombined by the Hin
invertase. Including the entire 40-bp region, there v as 52.5%
sequence similarity between hixL and the [3-pilin gene,
which is equal to the 52.5% similarity between hixL and the
left bacteriophage P1 C region inversion recombination site
(cixL) and is greater than the 45% similarity between hixL
and the right inverted repeat of the hin inversion region
(hixR). However, there was a qualitative difference in which
bases are conserved throughout the hin family and those
bases that are identical between hixL and the [3 pilin gene.
Also, with the exception of hixR, the other recombination
site regions of the hin family shown in Fig. 5 contained
imperfect 9- to 14-bp inverted repeats with nonpalindromic
dinucleotides at the center of symmetry. In hixR there was
instead a small (5 of 6 bp) imperfect inverted repeat which
was offset by 8 bp compared with the others. No imperfect
inverted repeat was present in the [-pilin gene sequence
shown in Fig. 5. The specific site at which recombination
occurs in hixL would, in the [-pilin gene, correspond to the
DNA codon for amino acid 13 of the mature [B-pilin protein.

DISCUSSION

The data presented here provide evidence that a 2-kb
region of DNA containig portions of the a- and [-pilin genes
is inverted in a DNA relative to [ DNA of strain Epp63.
Figure 4 shows the maps derived from our hybridization
data. In our model, an inversion event occurs in [B-pilin-
specific DNA, which changes it to the a-pilin DNA pattern
(or vice versa), and this inversion event determines whether
a- or [3-pilin is expressed. The inversion appears to occur
within the amino-terminal region of the pilin genes, and only
the pilin sequences that have the promoter and beginning
portion of the gene produce pilin protein. Thus, in one
orientation of the 2-kb DNA region, the [-pilin-specific
sequences are in the expression locus adjacent to the pro-
moter and the initial pilin gene sequences which code for the
leader sequence and the amino-terminal amino acids, while
the a-pilin-specific sequences are in the inverted, nonex-
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FIG. 4. Restriction maps of the chromosomal region containing the pilin genes as determined by genomic Southern hybridization analysis.
(A), -pilin-expressing DNA; (B), a-pilin-expressing DNA.p0Coding region of the P-pilin gene; >, partial, nonexpressed a-pilin gene
sequences; the arrowheads of both are the carboxy-terminal ends. In the a-pilin-expressing DNA map, the a-pilin-coding sequences are
recombined next to the constant amino terminus, and the remainder of the 0-pilin-coding sequences are present in the nonexpressed location.
For each map, the bars above the map show the regions which hybridize to either probe 2 or probe 3. Some sites whose positions are known
(e.g., the third EcoRV and ClaI sites) (Table 1) are not shown because they are off the region of the map being displayed.

pressed position. In the other orientation the reverse is true; Other members of the MePhe class of pilin genes have
that is, the a-pilin-specific sequences are in the expression been cloned and sequenced from N. gonorrhoeae (43, 44), B.
locus and the 3-pilin-specific sequences are in the inverted, nodosus (2, 11-13), and P. aeruginosa (47, 66). P. aerugi-
nonexpressed position. nosa strains have only one copy of the pilin gene in each

GAtttATTGgttCTtGaAaACCAAggtTtttGATAAagca hixL

GAgcgATTGcagCTaGgAtACCAAtaaTggcGATAAcaat beta

GATTTAtTGGTTCTTGaAAACCAAGGTTTTTGATAAAGCA hixL

tgccataaaaTTtTccttttggAAGGTTTTTGATAAccaA hixR

tggTaccgaGTTCTcttAAACCAAGGTTTagGATtgaaat cixL
- ~ - -

tggTaccgaGTTCTcttAAACC&AAGGTa?TgGATAAcagc cixR

tgTTTAccGtTTCcTGtAAACCgAGGTTTTgGATAAACag gixL
- *-

GATT'TAccGtTTCcTGtAAACCgAGGTTTTgGATAAtGgt gixR

GtTTTgcTccTTCTcccAAACCAAGGTTTTcGAgAgccgt pixL

atgcagagccTTCTcccAAAeCAAcGTTTaTGAaAAtGaA pixR

FIG. 5.- Sequence comparison between the si'te-specific recombination sequence hixL of S. typhimurium and part of the M. bovis P-pilin
gene sequience. The top line of both sections lists the 40-bp region of hixL containing the recombination site of the inversion which is
homologous among the other reconbination sites from phage P1 (C region; cix site-s,[24]), phage Mu (G region; gix sites [24, 49]), and the P
region of E. coli (51). In the top comparison, the 13-pilin gene sequence listed in line 2 represents the inverse-complementary sequence
compared with the coding sequence of the P-pilin gene. Capitalized bases are identical. The arrow shows the site of recombination in hixL.
The bottom section shows the homologies between the different members of the hin family of inversion sequences which are all capable of
cross-complementation. In the hixL sequence, bases in lower case are those which are not present in any other member of the family. For
the remaining sequences, capitalized bases are those identical to the hixL sequence. Underlined bases show the imperfect inverted repeat
structures.
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genome (47, 56), and so do most B. nodosus strains (called
class I), although a few (class II) contain a second pilin gene
sequence within 3 kb of the first (J. S. Mattick, personal
communication). In contrast, every strain of N. gonorrhoeae
possesses multiple pilin gene loci, and transitions from P+ to
P- and between different P+ pilin types are often accompa-
nied by chromosomal DNA rearrangements (19, 43, 44, 58).
Phase variation from one P+ pilin type to a different P+ pilin
type is probably due to a gene conversion event between an
expression site locus and one of the silent variant pilin
sequences (18, 19, 59). Thus, despite the similarities found
between the MePhe pilins of M. bovis and N. gonorrhoeae,
it is clear that they differ in mechanisms of antigenic varia-
tion.
Another mechanism of phase variation seen in several

systems involves a genetic inversion event which results in
the reversible expression between just two alternative states
(62). Examples of phase variation mediated by genetic
inversion events include the HI and H2 flagellar genes of S.
typhimurium (31, 62), the tail fiber genes of bacteriophages
Mu (17, 25, 49) and P1 (6, 7, 35, 71), and type 1 pili of E. coli
(1, 9, 10, 14). It is interesting to compare the inversion
system described here for M. bovis pilin genes to these other
well-studied bacterial inversion systems. The M. bovis in-
version system most closely resembles the inversion event
seen in bacteriophage Mu, in which the promoter and
amino-terminal portion of the S tail fiber gene are outside the
3-kb invertible G segment, and recombination occurs within
the S gene to produce a switch to S' and also leads to the
expression of U' in place of U, both of which are entirely
within the G segment (26, 49, 72). In this case, the gin gene
(located next to the G segment on the side opposite the S
gene) encodes the recombinase that mediates the inversion
event. For the HI and H2 flagellar genes of S. typhimurium,
the inversion involves a region of about 1 kb that contains
the promoter controlling the expression of the H2 gene as
well as the hin gene, which makes the recombinase respon-
sible for the inversion event (62). Expression of the HI gene
is indirectly controlled by this switch, since the promoter
which turns on the H2 gene also turns on a gene which codes
for a repressor of the HI gene. The inversion event mediat-
ing flagellar phase variation requires two other proteins in
addition to Hin, a 12-kilodalton protein designated factor II
and HU, one of the major histonelike proteins of E. coli (31).
The recombinase activities of hin, gin, cin (of bacteriophage
P1), and pin (an E. coli gene) are all capable of complement-
ing each other for their respective inversion events (6, 34, 38,
49, 62, 69). The hin family of inversion systems also uses a
recombinational enhancer site to greatly increase the inver-
sion frequency (27, 32, 33).
The only other characterized inversion system that occurs

in pilin gene regions is that of E. coli type 1 pili (fimbriae). A
314-bp invertible region containing a promoter controls the
expression of the type 1 pilin gene (called fimA or pilA) (1,
36, 37). At least two genes, fimB and fimE (or hyp) are
involved in the inversion event and in the general expression
of fimA, and they are located immediately adjacent to the
314-bp invertible segment, on the side opposite the fimA
gene (36, 45, 46). When the promoter is in the correct
orientation to express the pilin gene, the bacteria have type
1 pili on their surfaces, but when it is inverted they lack type
1 pili. The fimB gene of the type 1 inversion system is not
homologous with and does not complement the hin family of
inversion systems (14).
A comparison of the M. bovis ,B-pilin DNA sequence and

the recombination sites of the above-listed inversion systems

showed no sequence similarities between the M. bovis
,-pilin DNA sequence and the type 1 pili system. However,
we discovered a stretch of 58% sequence similarity over a
36-bp region between the left inverted repeat of the hin
segment (hixL) (32, 49) and the amino-terminal portion of the
,-pilin gene at a place consistent with our data for the
position of the recombination site for the pilin gene inversion
(Fig. 5). This 36-bp section is part of the previously defined
40-bp region of homology between the members of the hin
family of invertible sequences (24, 50). Counting the entire
40-bp region, DNA sequence similarity between the ,-pilin
gene and hixL is 52.5%. By comparison, homology within
the hin family ranges from 75%, between hixL and gixR, to
45%, between hixL and hixR. It will be instructive to test for
complementation of the M. bovis pilin gene inversion system
by the hin gene system. That this region ofDNA similarity to
the hin recombination sequence should occur in the region of
the gene that codes for the highly conserved amino acid
sequence of the MePhe class of pilins is somewhat surpris-
ing, since no evidence exists for such an inversion recombi-
nation site in any of the other MePhe pilin gene sequences.
Comparisons of the hixL sequence with the published se-
quences of the other MePhe pilin genes show DNA sequence
similarities ranging from 25 to 35% for the same 40-bp
region.
Our model explains how the switch between ox- and ,B-pilin

production occurs, and it also offers mechanisms for forma-
tion of some of the variants which lack pili on their cell
surfaces. At least two different types of P- variants appear
to exist, (i) phenotypically P- bacteria that still produce the
original pilin protein and (ii) a second class of P- isolate that
produces no detectable pilin proteins. To date, all the P-
variants that we have examined by genomic Southern hy-
bridization analysis are indistinguishable from either an a or
a a pattern. No third pattern characteristic of a deletion or
major chromosomal rearrangement has been observed, other
than the inversion already described. Our model for M. bovis
pilin gene switching would predict that an imperfect recom-
binational inversion event might lead either to a frameshift
mutation or to an assembly missense pilin polypeptide. A
frameshift mutation would most likely result in a short,
rapidly degraded polypeptide, which might be undetectable
in our assay system, appearing as the above-mentioned P-
variant which made no pilin protein. An assembly missense
pilin polypeptide would probably be indistinguishable from
normal pilins by Western analysis, producing the other
observed class of P- variants that produce pilin protein but
are phenotypically P- because they cannot assemble pili on
the cell surface. Since P- variants which still express pilin
generally have substantially lower amounts of pilin, it may
be that missense pilin proteins would be more rapidly
degraded. Other mechanisms for producing P- variants
which are not related to the inversion event might also exist.

Transitions from P+ to P- in N. gonorrhoeae often
involve deletions or recombination events at the expression
loci (19, 58, 63), although some P- variants still contain
intact expression sites. E. coli that contains clones of these
intact N. gonorrhoeae expression sites makes pilin tran-
scripts, suggesting that pilus assembly or expression control
involves some additional regulatory factor (19, 58, 63, 65).
Swanson et al. have shown that only some N. gonorrhoeae
P- strains are capable of reverting to P+ and that one class
of revertible P- strains produce an assembly missense pilin
polypeptide which reverts to P+ by gene conversion events
similar to those that cause pilus antigenic variation (68).
The following possible roles that phase variation of pili
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(between P+ and P- states) or antigenic variation between
different P+ types may play in the disease process have been
postulated: (i) the variation may assist in avoidance of the
host immune defense mechanisms, especially for N. gonor-
rhoeae (67); (ii) the presence of pili may help in adherence to
host cells but may also make the bacteria more susceptible to
ingestion by phagocytes (10, 60, 61); and (iii) expression of
different pili types may allow the bacteria to bind to different
host cell tissue types (67). We have evidence that for M.
bovis the different pili types may play different roles in the
pathogenic process. In a study on the relative infectivity and
pathogenicity in calves of a-piliated, 3-piliated, and P-
isolates of strain Epp63, the P-pilin phenotype was statisti-
cally correlated with enhanced infectivity and pathogenicity
compared with the other types (Ruehl et al., submitted).
Thus, the ability to switch between a- and ,-pilus types may
have important consequences in the disease process.
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