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A sophisticated strategy used by a number of procaryotic
and eucaryotic microorganisms to escape host defense
mechanisms is that of varying the expression of their major
surface antigens. This immune escape strategy has been
nicely documented for African trypanosomes (6) and Borrel-
ia hermsii (2). Antigen variation in pathogenic neisseriae
leads to another intriguing view of the same phenomenon:
the variation of functional properties of the respective sur-
face proteins. There are two classes of proteins in patho-
genic neisseriae that undergo antigenic variation, (i) pilin,
the major subunit of the pili, and (ii) the opacity-associated
proteins (OPAs), previously P.II or class 5 proteins, a family
of heat-modifiable outer membrane proteins. Both classes of
proteins are substantially immunogenic and have an essen-
tial role in bacterial adherence. Conceivably, variation of
these proteins not only leads to immunological changes but
also gives rise to alterations of their functional (i.e., adhe-
sive) properties. Although little is known about the biologi-
cal role of antigen variation in Neisseria species, extensive
molecular genetic investigations performed during the past
several years might lead us to gain better insight into this
field.

GENETICS OF SURFACE PROTEIN VARIATION

Primary Structure of Pilin and Organization of Pilin Genes

Variation of pilin expression in gonococci relies on a
multigene system. The genetics of this system have been
studied in greatest detail for Neisseria gonorrhoeae MS11 (3,
33); complementary work has been done with N. gonor-
rhoeae P9 and N. meningitidis C114 (35, 36). The gonococcal
genome usually contains a single structural gene that is
responsible for pilin expression (pilE); however, two ex-
pressed genes are occasionally found (31, 33). The pilE locus
codes for the production of a pilin precursor (propilin) that
carries a seven-amino-acid transport signal at its amino
terminus. Posttranslational processing of propilin involves
replacement of the short signal peptide by an N-methyl
group (21). The signal peptide is linked to an adjacent
hydrophobic region which constitutes the amino terminus of
mature pilin. Functionally, this hydrophobic region is
thought to substitute for the hydrophobic core, typically
seen in transport signals but missing in the short signal of
propilin. Furthermore, this region has been implicated in the
polymerization of pilin into pili. The amino-terminal portion
of pilin is conserved among different gonococcal pilin mole-
cules and shows homology with the N-methyl pili of related
species (see, e.g., reference 39).
Almost all variations between different gonococcal pilins

seem to occur within six short regions, called minicassettes

* Corresponding author.

(MCs), located toward the central and carboxy-terminal
portions of pilin (14, 15, 54). Of all the minicassettes, MC2 is
the most variable and constitutes the immunodominant
region of pilin. The short sequences interspersed between
the MCs are highly conserved at both the protein and
deoxyribonucleic acid (DNA) levels of variant genes (14).

In addition to the expression gene(s), a gonococcal cell
contains many silent gene loci (pilS). A silent locus carries
one or more partial pilin gene copies which are tandemly
arranged and connected by repetitive sequences (13). Al-
though these partial gene copies show the same arrangement
of variable MCs in comparison with variant expression
genes, they are devoid of the conserved amino-terminal
coding sequences (13). Silent loci carry several repetitive
sequence motifs with counterparts in the expression loci
(13). Striking sequence homologies and similarities in the
organization of silent and expressed genes are observed
between gonococci and meningococci (36).

Variation of Pin Expression

Changes in the expression of pilin result from recombina-
tion of silent gene copies with the expressed gene. In this
way, the expressed gene acquires variable minicassettes
such that some, but not all, of its minicassettes are replaced
by minicassettes from any of the silent loci. This intragenic
recombination leads to an immense variability of sequences
in the expression genes (14, 15, 54).
Most often, variant propilins produced by an altered

expression gene give rise to pili with altered antigenic and
adhesive properties (28, 58). Some propilins, however, are
processed in an alternative fashion at position 40 (Fig. 1).
This alternative cleavage, which seems to depend on the
sequence composition in the expressed gene, removes the
hydrophobic region of pilin. Consequently, the resulting
product (called S pilin) is unable to polymerize; S pilin is
instead secreted as a soluble antigen (14). If all the propilin is
converted into S pilin, the host cells are of course nonpili-
ated. Often, though, the propilin of S variants is only
partially converted into S pilin, thus giving rise to cells which
show weak or intermediate piliation and which produce
standard pilin and S pilin at the same time.
Recombination between cassettes of the pilS6 locus and

pilE leads to yet another type of variant (L variant) that is
characterized by a slightly extended expression locus (P. A.
Manning, T. F. Meyer, A. Kaufmann, B.-Y. Reimann, U.
Roll, and R. Haas, manuscript in preparation). The extended
expression locus codes for a larger pilin which is neither
secreted nor assembled into pili (14). Although the biological
significance of L variants is unknown, it is interesting that
some L variants quickly revert to the piliated phenotype.
Moreover, L variants show an increased resistance to vari-
ous hydrophilic antibiotics, such as penicillin and kanamy-
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FIG. 1. Primary structure of propilin. Propilin consists of about 160 amino acids plus a seven-amino-acid leader. P+ and Ps denote
alternative processing sites of propilin at positions 1 and 40, respectively. mcl to mc6 indicate the minicassettes, i.e., the regions which differ
in variant pilins and among silent and expressed pilin genes.

cin. It appears that S and L variants account for the majority
of nonpiliated phase variants in strain MS11 (14).

Two Mechanisms Account for Pilin Variation

DNA sequence analysis and Southern hybridizations sug-
gest a common mechanistic basis for the generation of P', S.
and L variants (14; Manning et al., in preparation). Koomey
et al. demonstrated that recombination in pilE is recA
dependent (25). Our own studies with another set of recA
mutants extend this observation for S and L variants.
Therefore, the increase in kanamycin resistance observed
for L variants (see above), which allows direct quantification
of transitions to the L phase, appears to be a suitable tool
with which to monitor the frequency of pilin variation in
general.

Norlander et al. (34) previously reported a reduction in the
frequency of piliation-specific colony morphology changes
when cultures are grown in the presence of deoxyribonu-
clease I (DNase I). Applying L-phase selection, we tested
the frequency of phase transitions in the presence or absence
of DNase I. The results suggest that in a mid-logarithmic-
phase culture, the frequency of P+ to L-variant transitions is
not affected by DNase I; however, in a stationary-phase
culture, i.e., when autolysis begins, the frequency of phase
transitions eventually rises between 3- and 100-fold, and this
increase can be abrogated by the addition of DNase I (B. Y.
Reimann, R. Haas, and T. F. Meyer, unpublished data).
Similar observations have been made by Seifert et al., who
used an engineered marker (cat) as a reporter of recombina-
tion in pilE (46). These authors further demonstrate a sub-
stantial decrease in the frequency of phase variation in
DNA-uptake-deficient (dud-i) mutants (46). Taking into ac-
count two other facts, i.e., the tendency of gonococci to
undergo spontaneous autolysis (16) and the high competence
(47) of gonococci for transformation by species-specific
DNA, it seems evident that pilin antigenic variation is driven
by transformation-mediated recombination.

Obviously, Southern hybridizations do not allow a distinc-
tion to be made between transformation-mediated recombi-
nation and the originally proposed mechanism of pilin vari-
ation, gene conversion (3, 13-15, 45, 54). To test whether
gene conversion accounts for the low frequency of phase
transitions seen in the presence of DNase I or in transfor-
mation-defective mutants, we selected L variants during
stringent exposure to DNase I. Strikingly, Southern hybrid-
ization pattern for L variants generated under such condi-
tions does not show the usual nonreciprocal (gene conver-

sion-like) recombination. Instead, such variants have
undergone reciprocal recombination involving silent and
expressed pil genes on the same chromosome (C. P. Gibbs,

B. Y. Reimann, R. Haas, A. Kaufmann, and T. F. Meyer,
submitted for publication). On the basis of this observation,
we conclude that pilin variation occurs by two distinct
recombination processes: (i) transformation-mediated re-
combination (mimicking gene conversion events), and (ii)
reciprocal recombination, which occurs at a lower fre-
quency.

In Vivo Significance of DNA Transformation

If transformation is an important factor in pilin phase
switching, one should assume that nonpiliated revertible
gonococcal variants, although believed to be noncompetent
(47), are in fact transformation competent with frequencies
comparable to that for piliated gonococci. This can be
postulated because switching frequencies from the P+ to a
P- phase are of the same order of magnitude as the reverse
transitions. Recent transformation experiments performed
with a gonococcal recA::cat construct indeed demonstrate
that nonpiliated gonococci that are able to revert, i.e., S- and
L-phase variants, are highly competent (Gibbs et al., sub-
mitted). However, these observations do not prove that
transformation has any in vivo significance. This question
seems difficult to address directly, since little is known about
the stability of DNA from lysed gonococci or about the
growth patterns of gonococci during the course of an infec-
tion.
Recent DNA sequencing work performed with iga genes

of various gonococci, however, suggests that horizontal
genetic transfer might readily occur under natural conditions
(R. Halter, J. Pohlner, and T. F. Meyer, submitted for
publication). Sequence comparison of four iga genes re-
vealed multiple extended sequence polymorphisms. Some of
these polymorphisms are independently conserved in two or
three of these iga genes. This reveals a mosaiclike genetic
composition, which can be explained by efficient horizontal
genetic exchange taking place in individuals infected with
more than one strain. The recent identification of a specific
DNA sequence involved in gonococcal transformation (10)
supports the idea that DNA transformation is an essential
factor in genetic exchange in gonococci. Of six DNA uptake
sequences identified, one was found to be located in the
transcriptional terminator of the iga gene (10, 37).

Within the pilEl locus, no such DNA uptake sequence
was detected (10). However, transformation-mediated re-

combination in this locus (and hence pilin variation) might
depend on such DNA uptake sequences that may reside in
the vicinity of silent pil loci and have thus far escaped our
attention.

H2N COOH

CLIN. MICROBIOL. REV.

 on A
pril 29, 2020 at M

P
I F

. IN
F

E
K

T
IO

N
S

B
IO

LO
G

IE
http://cm

r.asm
.org/

D
ow

nloaded from
 

http://cmr.asm.org/


PHASE VARIATION IN PATHOGENIC NEISSERIAE S141

"1z
-

Q6Q.C Ck .-

r-)>

P. S

L" LAJ

I. I--

pmLC.

11 kb
L J

8 88
l

FIG. 2. Organization of pilus gene loci in MS11 and recombination between silent and expression loci. Intragenic recombination in the
transcribed pilin gene in pilE leads to variant pilin types, i.e., antigenically variant pilins (P1 and P2), secreted S pilin (S), and L pilin (L), the
precise location of which has not been determined. kb, kilobases.

Pilin and Pilus Expression Mutants

The analysis of pilin variation in gonococci has provided
evidence for additional genetic changes, which should be
referred to as mutations rather than variations. Two different
classes of mutants have been described, deletion mutants
and point mutants. Deletion mutants (Pn) have lost the
promoter and 5' coding sequences of the pilE structural gene
(3, 44). They show a complete loss of pilin-specific expres-
sion at both transcriptional and translational levels. The
deletion formation seems to depend on the presence of a
functional recA gene and is virtually irreversible, providing
that there is no second active pilE locus present in the cell (3;
P. F. Sparling, personal communication; our unpublished
data). If, however, a cell initially possessed two complete
expression loci, one of which became deleted, the second
locus might eventually be restored by pilE duplication (46),
probably via the route of transformation.
The members of the second class of piliation-deficient

mutants (P-) have been characterized as point mutants that
can best be isolated from variation-deficient (recA mutant)
gonococci (25). Such mutants also revert at low frequencies
under recA conditions. Point or frameshift mutations have
been identified at distinct sites in the pilE gene, giving rise to
assembly-deficient, truncated, and/or unstable pilin (25).
One might expect, though, that nonpiliated mutants are
affected in accessory genes for gonococcal pilus formation
(M. Koomey, personal communication).

Regulation of Pilin Expression
Several lines of evidence suggest that pilE is subject not

only to DNA rearrangements that lead to the production of
altered pilin, but also to regulatory control mechanisms.
Apparent sequence homologies exist in the pilE promoter
region with known DNA-binding sites of the Klebsiella ntrA
and nifA gene products. By trans-complementation with
Klebsiella nifA, activation of pilin expression can be ob-
served in Escherichia coli (H. S. Seifert and M. So, personal
communication), suggesting that the pil gene is controlled by
an activator, similar to the NifA activator.
Taha et al. have, in fact, described the isolation of two

genes from N. gonorrhoeae MS11, pilA and pilB, that affect

transcription of the pilE gene in trans (56). The two genes are
located downstream of the pilEl and opaEl loci (Fig. 2). The
pilA product has an activating function and shows at its
amino terminus a putative DNA-binding motif. The pilB
product acts as a repressor. The two genes, which are
arranged in diverging orientations, appear to have overlap-
ping regulatory regions. Since pilA mutants seem to be
nonpermissive in gonococci, they are likely to display mul-
tiple effects, comparable to pleiotropic virulence regulators
described for other systems (see, e.g., reference 30).

Organization of opa Genes
In contrast to the pilin gene system, which includes one or

two expression genes and multiple silent partial genes, the
opa gene system relies on a gene family consisting only of
complete genes, each with a functional promoter (49, 50). In
N. gonorrhoeae, N. meningitidis, and N. lactamica, 12, 3 or
4, and 2 opa genes, respectively, have been identified that
code for a group of heat-modifiable OPAs (previously re-
ferred to as P.11 for gonococci or class 5 proteins for
meningococci). Most of the opa genes carry variant se-
quences and appear to be constitutively transcribed (49, 50).
A genetic linkage exists between some opaE and pil loci
(silent as well as expressed), the meaning of which has not
been explained (51) (Fig. 2).
Among gonococcal genes that carry a DNA uptake se-

quence is the opaEl locus (10). This locus was found to
undergo recombination with other opa loci (49, 51). As in the
case of the pilin genes, this process appeared as a nonrecip-
rocal event (8, 49); however, in the light of recent findings, it
should probably be attributed to transformation-mediated
recombination. Recombination between opa genes may oc-
cur as an intragenic event, thus giving rise to hybrid genes
(8). Although such recombinations can increase the reper-
toire of a single cell, they do not account for the frequent
phase transitions seen for OPA expression in gonococci.

CR Variation: Control of opa Expression
An intriguing fact is that all opa genes of a cell are

transcribed, although not all are translated. This is due to a
somewhat peculiar expression control of opa genes, which
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FIG. 3. Location of the coding repeat in the opa genes and the control mechanism of opa gene expression. The number of CR units

determines the reading frame of opa genes; if the reading frame is not correct (e.g., eight or nine CR units), no OPA protein will be produced.
Changes in the reading frame of opa genes are RecA independent and are thought to be due to replicative slippage.

was found to rely on a repetitive sequence (coding repeat
[CR]) affecting the translational level (49, 50). The CR codes
for the hydrophobic core of the leader peptide of OPA
proteins and consists of CTCTT pentamer units (Fig. 3). The
molecular principle of opa variation is that the number of CR
units (CTCTT) is variable in each of the opa genes and
thereby determines the reading frame of an opa gene (49,
50). Depending on the number of CR units (which can range
from 7 to 28, apparently without affecting the export func-
tions of the OPA leader), the expression of each of the opa
genes in a cell can be independently switched on and off.
Therefore, the basic repertoire of a single cell is limited to
the number of genes present. Only occasionally is this
relatively limited repertoire of a single cell altered by recom-
bination events between different opa genes, as outlined
above (8, 49).
Phase transitions in OPA production are generally more

frequent than observed for pilin variation, reaching frequen-
cies of several percent per cell per generation. Because of
the particular features of the CR region, we have suggested
that CR variation occurs by DNA slippage during chromo-
some duplication (32, 49). Recently, we (C. P. Gibbs and
T. F. Meyer, unpublished results) and others (J. Swanson,
personal communication) have shown that CR variation is
independent of RecA. Furthermore, Cannon (personal com-

munication) demonstrated by constructing opa::phoA fu-
sions that CR variation occurs in E. coli, suggesting that this
process does not need specialized neisserial functions.

BIOLOGICAL SIGNIFICANCE OF ANTIGENIC
VARIATION

Pui

Several lines of evidence indicate that gonococci undergo
pilin variation during a natural infection: (i) gonococcal

isolates from sexual partners often differ in pilus type (63);
(ii) pili expressed by gonococcal isolates from different
anatomical sites have different antigenic properties (59); and
(iii) gonococci isolated from a male urethra after challenge
with a piliated strain express pili that differ both antigenically
and genetically from pili of the inoculated variant (55).
Antigenic variation might be necessary to evade the host
immune response and/or as a means to adapt to the partic-
ular microenvironments of the infected host, such as the
recognition of specific receptors on mucosal surfaces. In-
deed, there exists cumulative evidence that pili of variants of
a single strain differ not only in physical, chemical, and
antigenic properties but also in binding characteristics. Iso-
genic variants of N. gonorrhoeae P9 that produced different
pilus types were altered in their ability to adhere to eucary-
otic cells. So-called alpha pili bound to human erythrocytes
and buccal epithelial cells (28), whereas beta pili preferen-
tially adhered to Chang conjunctiva cells (17). Using isogenic
pilin variants of strain MS11, we could show that all piliated
variants agglutinated human erythrocytes; some of these
variants, however, had lost the ability to adhere to certain
epithelial cell lines as well as to cultures of human corneas

(58) obtained from different donors. Although all pilin vari-
ants produced different pilin types, there was no apparent
correlation of the binding capacity with distinct amino acid
sequences in the pilin (J. P. M. van Putten, R. Haas, and
T. F. Meyer, unpublished data). These observations suggest
the existence of different receptors on different human cell
types and, furthermore, show that antigenic variation of
gonococcal pili is accompanied by changes in the binding
characteristics of N. gonorrhoeae.
Meningococcal pili also undergo antigenic variation during

natural infection. Meningococci isolated from the blood,
cerebrospinal fluid, and nasopharynges of individual patients
have been found to possess different types of pili (57).
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Unfortunately, it is unknown whether these variants of a
single strain differ in their adherence to eucaryotic cells.
Meningococcal strains (isolated from carriers as well as
symptomatic individuals) have been shown to express pilus
types with different morphological, antigenic, and binding
properties (11, 41, 48, 60). Therefore, antigenic variation
might also have functional consequences for meningococci.
The exact nature of the pilus domain(s) mediating adher-

ence to eucaryotic cells is still undefined. Using a monoclo-
nal antibody against a largely conserved sequence (amino
acids 69 to 84) of the pilin molecule (42), Rothbard et al. were
able to block the adherence of both the homologous and a
heterologous strain of N. gonorrhoeae to endometrial carci-
noma cells, suggesting that this conserved region contains a
common receptor-binding domain (40). This finding, how-
ever, has not been confirmed by others. Heckels and Virji
found that antibodies recognizing a variable domain of the
pilin molecule blocked adhesion to Chang conjunctiva cells,
whereas antibodies to a common domain had no effect (19).
In this context it should be mentioned that at least one of the
cross-reacting antibodies used in this study (SM1) was
directed against amino acids 49 to 53, a conserved sequence
(20) that Rothbard et al. had already found not to be involved
in adhesion (40). Interestingly, Swanson et al. reported that
the conserved sequence from amino acids 69 to 84 was
subject to antigenic variation during natural infection (55).
This finding suggests that the sequence from amino acids 69
to 84 is not the (only) domain involved in receptor recogni-
tion. It has become apparent that in several Gram-negative
species, minor pilus-associated proteins, and not the major
pilus subunit, are the mediators of adherence and are respon-
sible for tissue tropisms of an infection (see, e.g., references
26 and 29). Whether gonococci possess pilus-associated
proteins, their possible role in adherence, and the relation-
ship between the nature of such proteins and antigenic
variation are the subjects of intensive research.

OPAs

The gonococcal OPA (previously P.11) and its OPA coun-
terpart in meningococci (previously class 5 protein) also
undergo in vivo antigenic variation during a natural infec-
tion. Meningococci isolated from different anatomical sites
differ in OPA (38, 57, 63), and variations in gonococcal OPA
expression can be found during the menstrual cycle (9, 23).
The serological diversity of OPA is relatively limited; gono-
cocci can produce up to seven different OPAs (43), whereas
clinical meningococcal isolates originating from a single
clone and obtained over a 4-year period have been shown to
produce no more than eight different OPAs (1). The biolog-
ical significance of the variation of OPA expression is still
uncertain, although there is evidence that it plays a role in
the modulation of adhesive properties of the bacteria. Cer-
tain OPAs have been associated with an increased adherence
of the bacteria to certain types of epithelial cells, whereas
other OPA variants can be associated with the binding to
leukocytes (17, 22, 24, 27, 61; J. P. M. van Putten and T. F.
Meyer, unpublished results). In addition, gonococcal OPAs
that are associated with pronounced colony opacity function
as intergonococcal clumping factors (or adhesins) in that
they bind to the oligosaccharide part of the lipopolysaccha-
ride of neighboring gonococci (5, 53). Evasion of the host
immune defense is, considering the limited repertoire of the
variation, probably not the main function of the OPA varia-
tion; the variability may rather occur as a response to other
stimuli during the course of an infection.

Whether the variability of OPA expression also plays a
role in the process after cellular attachment remains to be
seen. Immunoelectron microscopy studies indicate that
there is no alteration in OPA expression during the adher-
ence and internalization of gonococci into Chang conjunc-
tiva cells (J. F. L. Weel and J. P. M. van Putten, unpublished
data).

Identification of Host Cell Receptors

Conclusions drawn from numerous in vivo and in vitro
experiments on the binding of neisseriae to different cell
types suggest a difference in the density and/or molecular
structure of receptor molecules in various tissues (19, 22, 27,
28, 40-42, 48, 57, 58, 60, 61). This diversity in receptor
molecules might explain the need for bacteria to produce
adhesins, such as pili and OPA, with variable binding
specificities. Increasing effort has been made to identify host
cell receptors involved in the bacterium-host cell interaction
(4, 7, 12, 18, 52, 62). However, in terms of the relationship
between antigenic variation, variable binding properties, and
the apparent existence of more than a single type of receptor
in host tissues, much work remains to be done. The estab-
lishment of suitable cell culture systems, the mutagenesis of
adhesive properties of N. gonorrhoeae and N. meningitidis,
and the isolation of glycolipids and (glyco)proteins from the
membranes of target cells, as well as other strategies, might
help to increase our understanding at this point.
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