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Abstract

The spread of antibiotic resistance and the
development of new vaccines have focused
attention on the epidemiology of Strepto-
coccus pneumoniae over recent years.
While serotyping and the determination of
antibiotic resistance remain primary
methods for characterising pneumococci,
molecular typing can add greater dis-
crimination and complementary infor-
mation. Methods based on restriction
fragment length polymorphism within
total DNA or non-specific polymerase
chain reaction provide information
representative of the whole genome and
can be used to recognise closely related
isolates from different sources, whether in
the investigation of possible cross infec-
tion at the local level or in the investiga-
tion of national or international spread of
antibiotic resistant strains. Fingerprint-
ing of penicillin binding protein genes
adds further information in the analysis of
penicillin resistant isolates. The use of a
combination of typing methods to analyse
both the genome as a whole and specific
loci has led to the realisation that pneu-
mococci undergo horizontal gene transfer
much more often than most other bacte-
rial species. In particular the spread of
penicillin resistance has been character-
ised by a combination of the spread of epi-
demic strains, transfer of chromosomal
resistance genes from such strains into
other genetic backgrounds, and transfer of
capsule genes resulting in the switch of
serotypes within strains. In the future
molecular typing will have an important
role in discovering whether widespread
vaccination leads to genetic modification
of the pneumococcal population causing
invasive disease.

(¥ Clin Pathol 1998;51:270-274)
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Streptococcus pneumoniae is a human pathogen
of major importance causing pneumonia,
bacteraemia, and bacterial meningitis with
high rates of mortality and long term morbid-
ity, as well as less serious infections such as oti-
tis media and sinusitis. Until recent years the
organism was invariably susceptible to penicil-
lin, although even appropriate treatment was
not always successful. However, the arrival and
rapid spread of penicillin resistance, often con-
comitant with resistance to other antimicrobi-
als, has dramatically altered our perception of

the threat this organism poses. The focus of
attention is now turning towards disease
prevention, with re-examination of the role and
potential impact of more widespread vaccina-
tion. Currently available vaccines cover 23 of
the 90 known serotypes (that is, polysaccharide
capsule types), representing about 90% of the
organisms responsible for invasive disease.
These vaccines are based on the capsular
polysaccharide and are not immunogenic in
young children, one of the groups at highest
risk. Conjugate vaccines with the polysaccha-
ride linked to a protein moiety, analogous to
the Hib vaccine for Haemophilus influenzae type
b, are undergoing clinical trials at the present
time—these overcome the problems of immu-
nogenicity but for technical reasons can only
cover up to 11 serotypes.

Epidemiological markers provide a means of
distinguishing different subgroups within the
species and hence of addressing specific
questions about the epidemiology of pneumo-
coccal disease. In general such questions can be
divided into two categories: are particular sub-
groups of the species responsible for different
clinical manifestations of infection? And, how
does the organism spread within human popu-
lations? However, inextricably linked with such
questions is the need to understand the popu-
lation structure and evolution of Str pneumo-
niae. The use of antibiotics has already selected
for changes in the genetic make up of this
species—future widespread vaccination pro-
grammes will also represent a significant
evolutionary pressure that might bring about
further modifications over a relatively short
time scale. In this review I shall describe the
various typing methods applied to pneumo-
cocci, assessing their value and limitations. I
shall then describe recent findings revealed by
molecular typing methods, particularly relating
to the spread of penicillin resistance in this
species, and consider future directions for
molecular epidemiology.

Pneumococcal serotype

Pneumococci have long been subdivided by
serotype. Two serotyping systems exist, but the
consensus usage has for some time been the
Danish system, with all typing sera provided by
the Statens Serum Institut, Copenhagen.'
Serotyping is based on the structural diversity
of the capsular polysaccharide. The first stage
of serotyping involves the use of pools of sera,
and then individual sera from the positive pool,
to assign a number designation. For some of
these numbers, such as 1, 3, and 14, no further
subtyping is possible and hence the number is
referred to as a serotype. For others, such as 6,
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19, and 23, subtyping sera can distinguish fur-
ther subtypes such as 6A and 6B, 19F (First),
19A, 19B and 19C, and so on; in these cases
the number (for example, 6) is referred to as
the serogroup, and the number plus letter (for
example, 6A) as the serotype or subtype. This
nomenclature reflects the cross reactivity of
subtypes within a serogroup.'

Encapsulation is a prerequisite for virulence
in pneumococci, allowing the organism to
evade phagocytic cells. However, in the pres-
ence of anticapsular antibody, complement
activation and phagocytosis can proceed—
hence the protection provided by vaccines
composed of capsular polysaccharide. Because
immunity is specific to the polysaccharide
structures presented (whether by vaccination
or natural infection), the determination of cap-
sule type—that is, serotyping—is and will
remain the primary typing method for pneu-
mococci. Molecular genetic methods based on
polymorphism of capsule genes are being
investigated as an alternative to classical
serotyping but will provide an indirect assess-
ment of the polysaccharide actually being pro-
duced.

Antibiotic susceptibility profile

The determination of antimicrobial suscepti-
bilities is of major clinical significance in
informing treatment decisions but can also be
considered as a typing method. Antimicrobial
resistance in pneumococci is not plasmid
mediated as in most other species, but involves
either modification of chromosomal genes—
often by horizontal gene transfer (penicillin
and probably sulphonamide and trimethoprim
resistance)’”—or  chromosomally  located
transposons (tetracycline, kanamycin, erythro-
mycin, and chloramphenicol resistance).’® Re-
sistance profiles dependent on mobile DNA do
not make ideal epidemiological markers be-
cause of their potential instability, and the dis-
crimination afforded is limited. Nevertheless,
as for serotyping, the biological and clinical
significance of antimicrobial resistance ac-
counts for its importance in the characterisa-
tion of pneumococci.

Multilocus enzyme electrophoresis

Multilocus enzyme electrophoresis (MLEE)
has been used both as an epidemiological typ-
ing method and to investigate population
structure in pneumococci.”™ The method
involves separating soluble enzymes by non-
denaturing electrophoresis (usually in starch
gels), staining for activity, and scoring poly-
morphism in migration rate for the same
enzyme in different isolates.'> Typically at least
10 “housekeeping” enzymes are assayed, and
the results—expressed as the proportion of
enzymes for which two isolates have the same
electrophoretic variant—can be used as a
measure of genetic relatedness. The underlying
assumptions are that electrophoretic variants
arise from neutral mutations in the encoding
gene, that the enzymes assayed derive from loci
representative of the genome as a whole, and
that each locus is independent of the others.
Isolates indistinguishable by MLEE can be
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considered to belong to the same clone, in
other words to have a recent common ancestor.
MLEE results are frequently presented as a
dendrogram of genetic relatedness. It should be
noted that such a dendrogram does not neces-
sarily correlate with the ancestry of the current
isolates, since two isolates may share the same
allele either because they derive from a
common ancestor, or because one of them has
acquired the allele by recombination (horizon-
tal gene transfer).'® Several lines of evidence
suggest that recombination is rather common
in pneumococci, highlighting the importance
of the above proviso.” 1 " '®

MLEE profiles make excellent epidemiologi-
cal markers and have been used extensively in
tracing the spread of penicillin resistance in
pneumococci. However, they are cumbersome
to perform, and for rapid and discriminatory
typing (although not for population structure
analysis) MLEE is tending to be replaced by
pulsed field gel electophoresis or other meth-
ods described below.

Restriction fragment length
polymorphism and non-specific PCR
A survey of recent publications on the
epidemiology of pneumococci shows that com-
parison of restriction fragments separated by
pulsed field gel electrophoresis (PFGE) or field
inversion gel electrophoresis is probably the
most commonly used molecular typing method
at present.” '*? This involves digesting total
genomic DNA with a restriction enzyme that
has few sites (usually Smal or Apal), and sepa-
rating the resulting large fragments (typically
50-200 kb) in a fluctuating electric field. Two
isolates producing the same pattern of bands
can, as for MLEE, be considered to belong to
the same strain or clone. The interpretation of
patterns sharing some but not all bands is more
difficult. Tenover et al have suggested guide-
lines for interpretation of PFGE patterns in
point source outbreaks®’; these depend on the
ability to identify an isolate representing the
index case and thus are not fully applicable to
the context of longer term spread over wider
geographical distances. Under the Tenover
guidelines, isolates that differ in up to three
bands from the index pattern can be consid-
ered highly related—as this many changes
could arise from a single point mutation in a
restriction site—and isolates differing in up to
six bands are possibly related. However, if an
index pattern cannot be identified, isolates with
a larger number of band differences between
them are not necessarily unrelated since they
may each have diverged by a smaller amount
from a common ancestor. A working rule that
has proved useful in several contexts in our
laboratory is that isolates can be considered to
belong to a cluster of related isolates if they dif-
fer by not more than three bands from the most
similar member of the cluster—in practice such
clusters can be recognised readily by eye.
Other methods based on restriction frag-
ment length polymorphism (RFLP) have also
been used for pneumococci. These include
restriction fragment end labelling followed by
analysis of fragments of a few hundred base
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pairs in length,” and ribotyping, based on
detection of restriction fragments containing
ribosomal RNA genes.® ** Hermans ez al have
compared the discrimination of these three
RFLP typing methods and found a close
correlation between PFGE and end labelling,
with ribotyping being less discriminatory.”’ In
this study ribotyping was performed with only
a 16S probe; it is possible that discrimination
would be increased if both 16S and 23S had
been used together, as in other investigations.

The same group has also applied PCR tech-
niques to fingerprinting pneumococci.”’ *
Primers were based either on an enterobacte-
rial repetitive sequence (ERIC), or on pneumo-
coccal repetitive sequences (BOX). Again
discrimination with these PCR methods was
similar to that found with PFGE. However,
PCR fingerprinting methods need to be rigor-
ously controlled and may have low interlabora-
tory reproducibility.

Applied and interpreted with intelligence,
any of the above methods can be used to
recognise highly related pneumococcal isolates
and to distinguish between unrelated isolates
that may share the same serotype. They should
not, given currently available information, be
used to quantitate degrees of relatedness or
infer ancestry based on the numbers of shared
bands. (This is because these methods, as used
for typing, do not meet the criteria required for
genetic markers in the context of population
genetics—restriction fragments or unknown
PCR products that differ between isolates can-
not be considered as homologous alleles of the
same locus, nor is variation in different restric-
tion fragments independent (a single restric-
tion site change will affect fragments on both
sides of it).”

Penicillin binding protein (PBP) profiles
and PBP gene (pbp) fingerprints

Much of the recent interest in the epidemiology
of pneumococci involves tracing the spread of
penicillin resistance, which in pneumococci is
entirely due to altered penicillin binding
proteins. Methods are therefore required to
distinguish between the acquisition of new
modifications and the spread of existing ones.
Modified PBPs are classically analysed by
detecting bound radiolabelled benzylpenicillin
on SDS-PAGE separated proteins: polymor-
phisms in the PBPs are detected as differences
in the migration and intensity of bands after
autoradiography/fluorography.® '' ¥ Sequence
analysis of the three PBP genes characterised to
date—pbp2b, pbp2x, and pbpla—revealed
that modifications result from recombination
with homologous genes from a different
source, thought to be oral streptococci, form-
ing mosaic genes.”” RFLP analysis of these
genes (often referred to as fingerprinting)
following PCR amplification proves to be a
sensitive method of detecting different variants.
In early publications restriction fragments were
radiolabelled, separated on a DNA sequencing
gel, and detected by autoradiography.” '’ How-
ever, adequate resolution can also be obtained
on smaller acrylamide or agarose gels in which
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fragments are detected by staining'®** (and
Hall L, unpublished data).

Summary of the information that typing
methods can provide

The various typing methods described above
differ in the kind of information they provide.
Serotyping reveals the type of capsule being
produced, but since the serotype is determined
by a set of genes clustered together in a cassette
structure, it only gives information about one
segment of the genome. MLEE, RFLP, and
PCR based analyses are believed to reflect
characters scattered throughout the genome,
and hence give a picture of the overall genetic
background of an isolate. PBP analysis and
PBP gene fingerprinting again relate to specific
loci—their main interest is obviously in the
investigation of penicillin resistant isolates.
Using a combination of complementary meth-
ods it is therefore possible to derive independ-
ent information on the genetic background of
an isolate, its capsule locus, and its PBP loci;
such analyses have revealed some interesting
and unexpected findings as discussed below.

What typing has told us about the
epidemiology of pneumococcal disease
Investigations of serotype prevalence in various
collections of isolates have led to some impor-
tant general observations® ™ the relative
prevalence of serotypes differs between car-
riage isolates and those from invasive disease;
there are wide differences in the age distribu-
tion of different serotypes; the prevalence of
different serotypes shows geographical varia-
tion; and the majority of penicillin resistance
(and multiple antimicrobial resistance) occurs
in a restricted range of serotypes, all of which
are common in children. Molecular typing
(including MLEE) has added to this general
picture by showing that most serotypes include
genetically diverse organisms, and do not
appear to constitute distinct subsets or
clones.'* ' ™ This is in contrast to the situation
with Haemophilus influenzae in which type b
organisms do comprise a clone that is respon-
sible for the majority of invasive disease.*
However, it is in the investigation of spread
of penicillin resistance that molecular typing
has been employed most intensively. Such
studies have sought to determine the relative
importance of clonal dissemination of resistant
strains, dissemination of resistance determi-
nants to new strains, and independent acquisi-
tion of new resistance determinants. A recent
publication by Hermans ez a/ exemplifies many
of the points made in other studies.'® The study
involved all penicillin resistant isolates from 39
Dutch hospitals from March 1995 to March
1996, covering the majority of the Dutch
population. Eighty nine resistant isolates (25%
with high and 75% with intermediate level
resistance) were recovered. The genotype or
genetic background of the isolates was assessed
by restriction fragment end labelling (RFEL),
and revealed 21 unique isolates, while 68
isolates clustered into nine groups, of which the
two largest contained 22 and 18 isolates.
Isolates from the largest cluster were invariably
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multiresistant, although the profile of resist-
ance varied. Comparison to isolates from other
sources showed that this genotype was indistin-
guishable from a multiresistant strain of
serotype 23F that was first described in Spain
and has since spread to many parts of the
world. The Dutch cluster included 11 isolates
of serogroup 19 as well as 11 of serogroup 23.
Examination of PBP genes revealed one isolate
with a pattern that differed from the others.
The second cluster represented isolates with a
genotype indistinguishable from a multiresist-
ant strain of serotype 9V, also believed to have
originated in Spain and spread widely, at least
in Europe. This cluster included isolates of
serotype 14 as well as serogroup 9, with a range
of resistance profiles, and again one isolate with
a variant PBP gene pattern.

These findings are typical of those described
in other studies.®? ° """ 122 2 2 37 Rjrst, there is a
small number of multiresistant strains that
appear to have spread internationally, as well as
others with more local spread. Second, collec-
tions of resistant isolates always include various
apparently genetically unrelated isolates.
Third, within the common strains there is evi-
dence of horizontal transfer of genes, including
genes involved in antimicrobial resistance and
those involved in serotype determination. It is
further likely that at least some of the unrelated
isolates have acquired their resistance determi-
nants from the common strains: Hermans’
study showed some isolates with PBP genes
indistinguishable from the major clusters, but it
should also be noted that recombination may
not involve entire genes so that new restriction
profile types could be produced by this mech-
anism. These points illustrate the complemen-
tary nature of the various typing methods that
can be employed in Str preumoniae: serotyping
and antibiogram and/or PBP typing would hide
the extent of spread of particular strains, since
both depend on genes that are not necessarily
representative of the genetic background of the
isolate; genotyping alone would fail to demon-
strate the biologically and clinically relevant
characters of serotype and antimicrobial resist-
ance.

The Dutch study further illustrates the value
of good epidemiological data in combination
with typing. Where a number of indistinguish-
able isolates had been submitted from the same
laboratory, it was possible to look at potential
routes of transmission. There appeared to have
been four instances where an organism was
spread to other patients in the same hospital
room, and in one case a patient transferred
between hospitals was implicated in starting a
new outbreak. All the patients involved in this
case had chronic obstructive pulmonary dis-
ease and pneumococci were isolated from their
sputum, so it is likely that they were long term
carriers. It was not reported that any of the
patients suffered invasive pneumococcal dis-
ease. Evidence for the transmission of multire-
sistant strains between carriers and as a cause
of invasive infection in hospitals and other
institutions has also been reported.*** Penicil-
lin resistant pneumococci may well come to be
considered as important nosocomial pathogens
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despite their conventional label as community
acquired organisms.

Future perspectives in the epidemiology
of Str pneumoniae

Over the next 10 years conjugate vaccines are
likely to be used widely in intensive vaccination
programmes. Will this result in the replace-
ment of serotypes included in the vaccine with
equally virulent strains carrying different or
even novel types of capsule?® The evidence to
date shows that pneumococci have the genetic
capacity to switch serotype, and transfer of
virulence genes between strains is also un-
doubtedly possible. Molecular typing will have
an important role in monitoring the impact of
widespread vaccination on the characteristics
of pneumococci causing disease.

Other developments over the next few years
will include exploitation of the complete
sequence of the pneumococcal genome which
is likely to be released to the public domain in
1998. Together with advances in technology
such as high density oligonucleotide arrays
(DNA chips), this will allow typing methods to
target large numbers of specific genes. The
detection of polymorphism in virulence genes
and correlation to different manifestations of
pneumococcal infection promises to be a pow-
erful tool for molecular epidemiology in the
future.
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