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Genetic analysis of adherence by oral streptococci

HF Jenkinson

Department of Oral Biology and Oral Pathology, University of Otago, PO Box 647, Dunedin, New Zealand

Streptococci are one of the most successful bacterial colonizers of the human body and are major components of
oral biofilms. The bacterial cells express multiple cell-surface adhesins that are responsible for the ability of strepto-
cocci to adhere to a wide range of substrates which include salivary and serous proteins, epithelial cells and other
bacterial cells. Analysis of adherence-defective mutants has indicated the importance of high molecular mass wall-
associated polypeptides and of enzymes catalyzing extracellular glucan polysaccharide synthesis to the adherence
and accumulation of oral streptococci. The analysis of isogenic mutants of streptococci, generated through inser-
tional inactivation (or allelic exchange), has confirmed the essential roles of specific surface polypeptides both to
adhesive processes and to correct assembly of the cell wall layers.
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There are more than thirty species of Streptococcus associ-
ated with infections of humans and animals. Broadly speak-
ing, the genus consists of the pyogenic (B-haemolytic)
streptococci, the oral streptococci, and several other more-
or-less related species. The human oral streptococci com-
prise the ‘mutans group’ organisms (S. mutans, S. sobrinus,
S. rattus, S. cricetus), the ‘oralis group’ organisms (S.
oralis, S. sanguis, S. gordonii, S. mitis, S. anginosus, S.
constellatus, S. intermedius, S. parasanguis, S. crista) and
the ‘salivarius group’ bacteria (S. salivarius, S. vestibularis,
S. thermophilus). The mutans group streptococci are found
almost exclusively in dental plaque on oral hard surfaces
(eg tooth enamel) while the oralis group bacteria, as well
as being present in dental plaque [14], are found in the
nasopharynx, throat, alimentary tract and urogenital tract
where they can cause a variety of infections. The salivarius
group of streptococci are found associated with the oral
mucosa, on the dorsum of the tongue, and in saliva. The
preferences of the individual species for colonizing differ-
ent sites is owing to, at least in part, the abilities of the
cells to adhere preferentially at those sites [52]. Adhesins
(proteins) on the bacterial cell surface mediate the adherent
interactions with host tissues and other microorganisms and
serve as colonization factors. The ability to cause disease
is attributed to the production of so-called virulence factors.
These include extracellular products such as haemolysins,
erythrogenic toxins, hyaluronidase, and streptokinase which
cause damage to host tissues. The process of cell adherence,
though, could be considered a prerequisite for streptococcal
colonization. Because adherence is a primary event in
initiation of infections, there is considerable interest in
defining the molecular mechanisms involved in order to
devise anti-colonization strategies.

Site-specific colonization by streptococci results from
interplay of host receptor and bacterial adhesin expression.
While the possession of a particular adhesin may allow a
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bacterium to attach to a surface expressing the appropriate
receptor, adherence of the bacterium may be determined
ultimately by the availability of receptors. In the oral cavity,
receptor availability is dependent on numerous factors.
These include the types of carbohydrate ligands present on
glycoproteins and glycolipids (which are host-specific),
salivary flow rate and composition, and the numbers and
types of other microorganisms present. All these factors
influence the adherence of the streptococci. Eventually a
more complete understanding of the colonization processes
will lead to new ways to disrupt or prevent formation of
oral biofilms.

This article will consider how genetics specifically has
helped in understanding more about some of the adherence
processes that are critical to colonization of the human body
by streptococci. However, to place an accurate perspective
on the evolution of the subject of streptococcal adherence,
it is necessary to summarize what is known about adher-
ence mechanisms in general, and to stress that many of the
adhesin-receptor interactions have been well-characterized
without the aid of genetic techniques.

Streptococcal cell adherence

Much of our current knowledge about how streptococci
adhere comes from in vifro binding assays of bacterial cells
to various substrata. Studies of oral streptococci have con-
centrated on, predictably perhaps, the abilities of these
organisms to adhere to saliva-pellicle coated surfaces such
as hydroxylapatite. Members of the oralis and mutans
groups of streptococci vary widely in their affinities of
binding to saliva-coated surfaces. For strains of S. gordonii,
S. oralis and S. sanguis, adherence involves both ‘specific’
(lectin-like) interactions of bacterial adhesins with salivary
components, and ‘non-specific’ binding through physio-
chemical forces [3] of which hydrophobicity is thought of
as being highly significant [9]. Mutans group sireptococci
adhere generally less well to salivary glycoprotein pellicles
than do oralis group streptococci [46]. Instead, adherence
of S. mutans and S. sobrinus is largely dependent upon the
synthesis of, and binding to, water-insoluble glucan poly-
saccharides [18]. With the development of more sophisti-



cated protein separation techniques came the identification
of specific components within human salivary secretions
that are bound by bacteria. Oral streptococcal cells were
shown to bind to glycosylated proline-rich proteins, mucins
and a-amylase on nitrocellulose blots of salivary proteins
separated by gel electrophoresis [43] and to purified acidic
proline-rich proteins adsorbed to hydroxylapatite [17].
These and other experiments have identified several major
salivary components that act as pellicle receptors for the
oral streptococci (Figure 1).

Whole-cell binding assays have demonstrated further that
streptococci bind many of the components of human serum
and that some species adhere with high affinity to extra-
cellular matrix components, particularly fibronectin (Figure
1). Such binding reactions are thought to be significant for
establishing more deep-seated infections caused by pyo-
genic streptococci, and in streptococcal endocarditis. The
streptococci also have an extraordinary capacity to bind to
eukaryotic cells and to other prokaryotic cells. Most epi-
thelial cell types carry receptors for streptococci and, as
already mentioned, receptor structure and level of
expression determines streptococcal cell tropism for host
tissue sites. Highly significant for the development of oral
biofilms is the ability of many species, especially within
the oralis group, to bind with high affinity to other oral
microbial cells. This phenomenon of intermicrobial
adhesion, originally termed coaggregation, is believed to be
responsible to a greater or lesser extent for the temporal
accretion of microorganisms in the formation of dental
plaque [34]. The streptococci are amongst the earliest
colonizers of salivary pellicle and their ability to support
adherence of many other oral organisms (Figure 1) suggests
they act as a primary focus of plaque development [34]. It
must be evident from the aforementioned therefore that the

Genetic analysis of adherence by oral streptococci
HF Jenkinson

‘Streptococcus could be considered a microbial hub in the

wheel of adherent interactions between host cells, tissue
components, secretions and microbial cells (Figure 1).

Despite the wealth of information now available on the
receptors for streptococcal adhesion, there has been slow
progress identifying and characterizing the bacterial adhes-
ins responsible for binding of cells to these receptors. There
are probably two main reasons for this. First, the structure
of the streptococcal cell wall layers cannot be easily dis-
sected because they are complex in molecular composition
and the adhesins are difficult to remove intact. Second, gen-
etic analysis of function involving gene cloning, transfer
and mutagenesis in streptococci is only just coming into its
prime. Adhesins that have been successfully identified are
typically either proteins with high affinity for a specific
substrate (eg fibronectin), or proteins that make up a major
component of the cell wall. Purified proteins from the cell
walls of streptococci that act as adhesins include immuno-
globulin-binding proteins [6] and fibronectin-binding pro-
tein [49] of S. pyogenes, salivary agglutinin-binding anti-
gen VII proteins in oral streptococci [25] and the glucan-
binding proteins of mutans group streptococci [2,35].
Information on the in vitro binding properties of these vari-
ous polypeptides has been crucial to general appreciation
of the roles that cell-surface associated proteins play in
adhesion. However, in vitro demonstration of binding
activity of an isolated protein does not necessarily imply
that the activity is significant in cell adherence. Genetic
analysis provides one means of extending information on
the roles of specific proteins in adhesion. If the gene enco-
ding a putative adhesin is inactivated, and if this results in
deficient adherence function, then evidence is strong that
the gene product is involved in adherence.

Salivary components \
a-amylase, acidic proline-rich proteins, bacterial polysaccharides, glycosylated proline-rich
proteins, lactoferrin, lysozyme, a2-macroglobulin, mucin glycoprotein 1, mucin glycoprotein 2,
parotid agglutinin glycoprotein, secretory Immunoglobulin A

J/

4 Microbial cells \
Actinomyces naeslundii
Actinomyces odontolyticus
Candida albicans
Capnocytophaga ochracea
Corynebacterium matruchotii
Fusobacterium nucleatum
Haemophilus aphrophilus
Haemophilus parainfluenzae
Haemophilus seguis
Porphyromonas gingivalis
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albumin, collagen type |, collagen type IV, chondroitin
sulphate, factor H, fibrinogen, fibronectin, haptoglobulin,
heparan sulphate, heparin, IgA, IgG1, 1gG2, IgG3,

) 1gG4, laminin, p2-microglobulin, plasmin, vitronectin )

Figure 1 Summary of the adherent interactions displayed by streptococci with host and bacterial components. Not all species of streptococci exhibit
all the binding reactions indicated. The diagram was constructed from data within several key references [6,23,34,35,46] and from other work alluded

to in the text
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Analysis of spontaneously- or chemically-derived
mutants

The isolation and phenotypic characterization of adherence-
defective mutants of oral streptococci has given significant
insights into adherence mechanisms. The adherence proper-
ties of a spontaneously-isolated mutant strain of S. sanguis
strain 12 [41] provided support for previous evidence that
adherence of S. sanguis to pellicle involved positive coop-
erativity between binding sites [45]. The mutant strain was
proposed to lack an adhesin that recognized a neuramini-
dase-sensitive pellicle receptor [41] but to express nor-
mally another adhesin for a separate pellicle receptor.

The isolation of adherence-defective mutants of oralis
group streptococci lacking cell surface fibrils [16] or fim-
briae [15] indicated that these structures might be involved
in adherence of cells both to salivary molecules and to other
bacteria [20]. Various chemically-induced mutants of S.
salivarius altered in surface fibril morphology were unable
to bind to buccal epithelial cells or coaggregate with Veil-
lonella [54]. These observations led to the demonstration
that S. salivarius HB cells normally expressed three struc-
tural classes of cell-surface fibril, two of which carried sep-
arate adhesive functions [54,55]. There is, however, no
convincing demonstration that in other species of oral strep-
tococci, adhesins are carried on surface structures [20].
What has become evident though from biochemical analy-
ses of adherence-defective mutants is that production of
high molecular mass cell wall proteins is associated with
cell-surface hydrophobicity [40] and adherence of bacteria
to salivary pellicle [10].

Studies of mutant strains of S. mutans and S. sobrinus
that were altered in extracellular polysaccharide production
were paramount in establishing that glucan production by
the mutans group streptococci was essential for adherence
of these bacteria to smooth surfaces and to cause dental
caries [18]. A class of adherence-defective mutants of S.
sobrinus were dextranase-negative [44]. The complexities
of extracellular glucan metabolism in mutans group strepto-
cocci can now be better accounted for a decade later as a
result of gene cloning and directed mutagenesis. This sub-
ject has been reviewed recently [35].

Lastly, spontaneous mutants of streptococci defective in
coaggregation with oral Actinomyces species have allowed
both an analysis of the mechanisms and of the molecules
involved in coaggregation. The ability of coaggregation-
defective mutants of S. oralis H! to bind to some A. naes-
lundii strains but not to others established that at least two
types of surface components were involved in coaggre-
gation [29]. The isolation of a coaggregation-defective
mutant of S. gordonii PK488 allowed identification of a
protein denoted ScaA [32] present in coaggregating strains
but not in mutants [31].

Streptococcal molecular genetics

The presentation of nearly 200 papers at the 4th Inter-
national Conference on Streptococcal Genetics held in
Santa Fe, NM, USA, in May 1994 exemplified the upsurge
of research into the genetics of streptococci. The basis of
genetic analysis requires that DNA can be introduced into
an organism. This is achieved with ease for strains of S.
preumoniae, S. gordonii and S. mutans which are naturally-

competent for DNA uptake and genetic transformation.
Only recently, though, has the technique of electropor-
ation [51] permitted genetic analysis of otherwise non-
transformable streptococci [13]. The ability to electrically
induce DNA uptake into virtually any Streptococcus opens
up the study of the genetics of adherence of these bacteria.
The initial aims of these studies will be to mutagenize the
genes encoding adhesins.

Transposon-mediated insertional mutagenesis is not a
technique that has been used popularly for the study of
streptococcal adherence. This is perhaps surprising given
the broad host range of the gram-positive conjugative trans-
posons [7] and the development of new vectors which
allow isolation of chromosomal sequences flanking transpo-
son insertion [4]. However it is not certain that transposon
mutagenesis really offers any advantages over other
methods of non-directed mutagenesis to identify adhesins.
A major stumbling block is in selection of the appropriate
mutants for study. It is eminently clear that adherence of
streptococci to many substrates involves multiple adhesin-
receptor interactions [23]. Therefore, if adherence-defec-
tive mutants are selected these will most likely contain
mutations that have pleiotropic effects—multiple pheno-
typic differences. These various problems in analysis are
to some extent overcome by cloning and mutagenesis of
genes encoding putative adhesins. This is a most direct, and
as it turns out, highly informative, way of establishing both
the identities and functions of adhesins.

Isogenic adhesion-defective mutants of streptococci
Data from whole-cell adherence assays, ligand-binding
assays of purified cell-surface proteins, and biochemical
analyses of adherence-defective mutants, all have provided
candidate proteins for adhesins in streptococci. Many genes
encoding cell-surface proteins have now been cloned,
sequenced and the activities of their products analyzed. It
is not pertinent to list all these here, but to consider those
genes encoding surface polypeptides that have been
mutated in order to determine the roles of their products in
adherence. The results of these experiments have not only
demonstrated adhesin function but have been more illumi-
nating in showing that structurally closely-related proteins
produced by different species of streptococci may have dif-
ferent binding activities.

The first published cloning and insertional inactivation
of an oral streptococcal adhesin gene was that involving
the SpaP surface antigen of S. mutans [37]. Inactivation
of the spaP gene with a tetracycline-resistance determinant
(tetM) resulted in mutant cells that were deficient in binding
to salivary agglutinin glycoprotein, a previously-identified
receptor in parotid saliva for S. mutans [12]. Similar exper-
iments with another serotype ¢ strain of S. mutans in which
the PAc protein (96% identical amino acid sequence to
SpaP [36]) gene was inactivated by insertion of ermAM
(an erythromycin-resistance determinant) indicated that
PAc™ mutants were less hydrophobic than the wild-type
strain and displayed much-reduced binding to experimental
salivary pellicle [28]. These data demonstrated the import-
ance of SpaP and PAc (both members of the antigen I/l
family of polypeptides produced by many species of oral
streptococei [25,36]) to the adherence of S. mutans cells.



The purified antigen I/II polypeptide denoted Ssp5 in S.
gordonii M5 also binds salivary agglutinin glycoprotein,
apparently through recognition of sialic acid residues [8].
When the gene encoding surface protein SspA in S. gor-
donii DL1 (corresponding to the Ssp5 protein in strain M5)
was insertionally inactivated, mutants were defective in
binding agglutinin [27], confirming the ir vitro binding
data. Unlike PAc™ mutants of S. mutans, SspA~ mutants of
S. gordonii were not altered in hydrophobicity or in binding
to salivary pellicle. Furthermore, SspA~ mutants were
instead deficient in coaggregation with Actinomyces naes-
lundii [27]. These gene inactivation experiments have
revealed that binding of S. gordonii to pellicle in vitro is
independent of SspA expression and therefore that antigen
I/IX polypeptides possibly have different functions in differ-
ent streptococci.

Studies in which gene cloning and inactivation have been
utilized to determine adhesin function are summarized in
Table 1. Most significantly, experiments involving inser-
tional inactivation were party to resolving some, but by no
means all, of the questions as to the role of cell-surface M
proteins in adherence of S. pyogenes. M proteins are multi-
functional molecules that bind human serum proteins [48].
Inactivation of the structural gene for M protein (emm 6.1)
in §. pyogenes generated M~ mutants that were unaltered
in their binding to fibronectin, and unaffected in binding to
buccal or tonsillar epithelial cells [5]. However the same
M~ mutants were subsequently found to be deficient in
adherence to cultured human laryngeal cells [53]. These
conflicting results may be explained by suggesting that the
human cell types carried different receptors. Alternatively,

Table 1 Phenotypic effects of some gene inactivations in streptococci
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differences in culturing conditions of the bacteria in the two
studies may have altered the relative M protein-require-
ments for adherence. Protein F on the surface of S. pyo-
genes 1s an adhesin that binds fibronectin [49]. When a
mutation in the prtF gene, encoding protein F, was intro-
duced into the S. pyogenes chromosome the mutant strain
lost ability to adhere to fibronectin and to respiratory epi-
thelial cells [21]. This demonstrates unequivocally that
protein F is a major fibronectin-binding adhesin in S. pyo-
genes.

In the mutans group streptococci, cloning and inacti-
vation of the gtf genes encoding glucosyltransferases has
confirmed the essential role of these glucan-synthesizing
enzymes in bacterial adherence and accumulation [35].
Inactivation of the g¢fB and gifC genes in S. mutans abol-
ished the ability of cells to adhere to smooth surfaces in
vitro [42] (Table 1). On the other hand, inactivation of the
fif gene encoding fructosyltransferase [50] or of the gifD
gene [19,42] had no effect on adherence.

In the examples cited, mutations have been targeted to
genes which encode products that have been previously
assigned in vitro binding or enzymatic functions. Gene dis-
ruption has also allowed identification and characterization
of hitherto unknown adhesins. In S. gordonii, experiments
involving insertional inactivation revealed that a high mol-
ecular mass cell-surface polypeptide (approximately
260 kDa) denoted CshA was necessary for cell-surface
hydrophobicity and for coaggregation of streptococci with
A. naeslundii [38]. Further genetic analyses indicated that a
second polypeptide (CshB, approximately 245 kDa) highly
similar to CshA was also produced [39]. Loss of either of

Streptococcus strain Inactivated Mature protein product(s) and molecular Cell adherence phenotype Reference
gene(s) mass®

S. pyogenes IRS4 pitF Surface protein 67 kDa Deficient binding to fibronectin and to [211
hamster respiratory epithelial cells

S. pyogenes JRS4 emm®.1 Fibrillar M6 surface protein 49 kDa No effect on adherence to human buccal [5]
or tonsillar epithelial cells

S. pyogenes JRS4 emmo6.1 Fibrillar M6 surface protein 49 kDa Deficient adherence to cultured human [53]
laryngeal epithelial cells

S. mutans NG5 spaP Wall-associated protein 166 kDa Reduced binding to parotid salivary [37]
agglutinin glycoprotein

S. mutans MT8148 PAc Wall-associated protein 163 kDa Reduced binding to experimental salivary  [28]
pellicle

S. mutans GS-5 wapA Wall-associated protein 45 kDa Reduced sucrose-dependent adherence to [471
smooth surfaces

S. mutans LT11 AgA (wapA) Wall-associated protein 45 kDa No effect on adherence to experimental [22]
salivary pellicle

S. mutans LT11 AgB Wall-associated protein ¢ 185 kDa Reduced adherence to experimental [22]
salivary pellicle, increased adherence
to glucan pellicle

S. mutans V403 gyB, gtfC Glucosyltransferases 162, 149 kDa Abolished sucrose-dependent adherence [42]
to smooth surfaces

S. mutans V403 ff Fructosyltransferase 84 kDa No effect on adhesion [50]

S. gordonii DL1 sarA Peptide binding protein ¢ 76 kDa Deficient binding to serum proteins and [26]
coaggregation with A. naeslundii

S. gordonii DL1 SSpA Cell-surface protein ¢ 200 kDa Deficient adberence to salivary agglutinin = [27]
and to A. naeslundii

S. gordonii DL1 cshA Wall-associated protein 259 kDa Deficient binding to A. naeslundii [38]

S. gordonii DL1 cshB Cell-surface protein ¢ 245 kDa Reduced binding to A. naeslundii [39]

*Calculated from inferred amino acid sequence or estimated from SDS-polyacrylamide gel electrophoresis (indicated by ¢)
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these polypeptides from the cell surface through gene inac-
tivation affected coaggregation of streptococcal cells with
A. naeslundii but not their adherence to experimental sali-
vary pellicle [39].

Pleiotropic effects of gene disruption

Evidence that a polypeptide is an adhesin includes the fol-
lowing: 1) antibodies to the polypeptide block adhesion of
cells; 2) adhesive strains express the polypeptide on their
cell surface; 3) the purified polypeptide blocks cell
adhesion; 4) inactivation of the gene encoding the polypep-
tide results in adherence deficiency. In practice frequently
one or more of these effects cannot be demonstrated and,
especially with single gene inactivations, interpretations of
adhesin function are not always clear. For example a nil
effect on phenotype following inactivation of a gene enco-
ding a putative adhesin is possible. This could arise because
loss of the product is genetically or metabolically compen-
sated for by the cells. Such effects are encountered with
gene knockouts in eukaryotic systems [11]. Alternatively,
pleiotropic effects may arise when the inactivated gene con-
cerned normally encodes a polypeptide that is either a cru-
cial component in the assembly of the cell wall layers, or
is participant in a genetic regulatory system.

Two examples of pleiotropic effects following gene inac-
tivations in streptococci are as follows. The first concerns
the inactivation of the sarA gene in S. gordonii which enco-
des a protein SarA [24] similar to the oligopeptide-binding
protein AmiA in S. pneumoniae [1]. Knockout of the sarA
gene resulted in loss of SarA polypeptide from the cell sur-
face, alteration in amount and exposure of several other cell
wall proteins, and deficiencies in cell binding to salivary
and serum components and to A. naeslundii [26). These
effects are not yet fully explained but one possibility is that
sarA is part of a regulatory network of genes involved in
determining cell-surface properties. The second example of
pleiotropic effects following gene inactivation comes from
work with the genes encoding antigens A and B of S. mut-
ans. Inactivation of the gene enceding antigen B (an anti-
gen I/II polypeptide similar to SpaP and PAc) caused a
defect in adherence of S. mutans to salivary pellicle [22]
as expected from previous studies (Table 1) as well as a
reduction in amount of antigen A. Inactivation of the gene
(wapA) encoding antigen A had no effect on adherence but
did affect the ability of cells to be aggregated by
dextrans [22, 47]. Interestingly, loss of antigen A (and to
a lesser extent antigen B) from the cell surface resulted in
release of lipoteichoic acid from the cells [22]. A loss of
polysaccharide from the cell surface of S. gordonii was
apparent also following disruption of the cshA gene enco-
ding a coaggregation adhesin [38]. Thus certain wall-
associated polypeptides are necessary for assembly of other
proteins into wall layers and for retention of cell-surface
polysaccharides.

Disruption of genes encoding cell-surface polypeptides
may therefore have a variety of effects on the structure of
the cell wall layers. These possibilities are considered in
Figure 2. Loss of a ‘scaffolding’ protein might cause
release of cell surface polysaccharides which are known to
act as receptors in some interbacterial coaggregations [33]
and which may assist in adherence of streptococci to epi-

thelial cells [23]. Another possibility is that the loss of a
polypeptide following gene disruption leads to unmasking
of an underlying or secondary adhesin (Figure 2). This kind
of effect has been suggested to account for the unexpected
coaggregation properties of mutants of S. oralis [30].
Clearly, before assigning adherence function to a protein
on the basis of gene disruption experiments, careful consid-
eration of possible pleiotropic effects must be taken into
account.

Compensatory effects resulting from gene disruption
An aforementioned possibility is that inactivation of the
gene encoding a putative adhesin has a benign effect. One
obvious explanation for this is that the protein does not
have an adherence function. However, other possible expla-
nations are that the loss of the protein might lead to up-
regulation of compensatory pathways, or that the protein
is one of two or more proteins with duplicated functions.
Recently, evidence has been obtained that compensation
effects may occur as a result of inactivation of genes enco-
ding surface proteins in streptococci. CshA and CshB poly-
peptides are coaggregation adhesins and are expression pro-
ducts of separate genetic loci in S. gordonii. The CshA
polypeptide is held at the cell surface via a specialized
amino acid sequence at the carboxyl-terminal end of the
polypeptide [38]. CshA and CshB are normally present on
the cell surface in approximately similar amounts. When
expression of ¢shA was disrupted by insertion of an anti-
biotic resistance marker at the carboxyl-terminal coding end
of the gene, a truncated form of CshA missing the cell-wall
anchor sequence was synthesized by the cells. Accordingly
CshA polypeptide was not able to be held at the cell surface
and was lost into the culture medium [38]. These cells
were defective in coaggregation with A. naeslundii
although they carried seemingly normal amounts of CshB
on their surface [39]. However, when cshA was inactivated
by insertion of an antibiotic resistance marker into the
amino-terminal coding region of the gene, CshA polypep-
tide was no longer produced in any detectable form. These
cells were still coaggregation-deficient but expressed vastly
increased amounts of CshB polypeptide on their sur-
faces [39]. Although not yet formally proved, it seems
likely that in the absence of CshA polypeptide, up-regu-
lation of c¢shB expression occurred. Clearly though,
increased amounts of CshB polypeptide did not wholly
compensate for the coaggregation deficiency caused by loss
of CshA.

Hidden complexities

It is now firmly established that streptococcal cells possess
multiple adhesins and that these contribute to their success
in colonizing animal hosts. Biochemical and immunolog-
ical experiments have revealed that these adhesins are
diverse in structure and binding specificity. Gene cloning
and inactivation experiments have shown that streptococcal
adhesins can have more than one adhesive function and that
adhesin genes can be duplicated. Gene inactivation studies
have revealed hidden complexities. These include the poss-
ible networking of adhesin gene expression (exemplified by
preliminary studies of cshA and cshB gene expression in S.
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Figure 2 Cross-sectional diagram of the oral streptococcal cell surface layers showing possible structural and functional effects of disrupting expression
of the gene encoding a cell-wall polypeptide. In (A), a cell-wall-anchored polypeptide adhesin (denoted P) acts also as a scaffold for presentation of
cell-surface polysaccharides (denoted R). A secondary adhesin (S) is masked by cell-surface components. Polypeptides denoted (a), (b) and (c) are
accessory proteins associated perhaps with secretion and/or function of (P). In (B), loss of (P) from the cell surface because of mutation in the protein
anchoring region (see text) resulis in release of polysaccharides (R), exposure of adhesin (S) and modification of cell adherence properties. Accessory
polypeptides remain ligated within the structure of the cell wall layers. In (C), synthesis of polypeptide adhesin (P) is abolished. Polysaccharides are
released and (S) is unmasked as in (B), but in the absence of (P) the accessory proteins are released or degraded resulting in further modifications of
cell-surface structure. Evidence for these effects occurring is described in the text

gordonii) and the dependence of cell wall assembly on the
presence of certain structural polypeptides.

In Escherichia coli and some other Enterobacteriacae,
adhesins are assembled into complexes on the cell surface
and may be associated with fimbrial or non-fimbrial struc-
tures. The components of these adhesin complexes are
encoded by gene clusters [46]. In the oral streptococci it
is not apparent yet whether or not the adhesins are
assembled into complexes, however the evidence so far,
albeit limited, suggests that the genes encoding the cell-
surface adhesins and structural proteins are not clustered.
Nonetheless, the tightly-regulated expression of these genes
and the proper assembly of their products into the cell wall
layers is crucial to the presentation of adhesins necessary
for colonization. It is thus proving an immense challenge
to define the mechanisms of streptococcal adherence at the
molecular level.
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