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Chromosomal genotypes of 2,209 isolates of the six polysaccharide capsule types of Haemophilus influenzae
recovered from human hosts worldwide were characterized by an analysis of electrophoretically demonstrable
allelic profiles at 17 metabolic enzyme loci. For 222 representative isolates, restriction fragment length
polymorphism patterns produced by digestion of cap region DNA were also determined. With few exceptions,
isolates belonging to individual phylogenetic lines or groups of allied lineages identified by multiocus enzyme
electrophoresis had characteristic cap region restriction fragment length polymorphism patterns and charac-
teristic combinations of cap region patterns and outer membrane protein types. The occurrence of strong
associations of characters and the recovery of isolates with identical genetic properties in widely separated
geographic regions and over a 40-year period indicated that the population structure of encapsulated H.
influenzae is clonal. Recombination of chromosomal genes, including those mediating capsule synthesis,
apparently is not a major factor in the short-term evolution of these pathogenic organisms and, therefore, may
be of minor clinical significance.

Haemophilus influenzae is a gram-negative bacterium that
causes a variety of diseases in humans, especially children
(34, 39). Strains recovered from patients with invasive
episodes (meningitis, septicemia, epiglottitis, or cellulitis)
usually have the type b capsule, which is one of six struc-
turally and serotypically distinct polysaccharide capsules,
designated a through f, produced by H. influenzae (17, 29).
Strains expressing other capsule types or lacking capsules
(serologically nontypable) usually are associated with sur-
face infections (chronic bronchitis, conjunctivitis, or otitis
media) or with asymptomatic carriage, although serotype a
strains have recently been recognized as important invasive
pathogens in some human populations (14, 15, 30, 41).
Methods were recently developed for classifying serotype

b isolates by the electrophoretic mobility pattern of the
major outer membrane proteins (OMPs) (7, 20, 40), the
electrophoretic mobility profile of a large number of meta-
bolic enzymes (23, 24), and the restriction fragment length
polymorphism (RFLP) pattern of the cap region of the
chromosome, a group of genes required for capsule produc-
tion (6, 16, 22). On the bases of (i) observed associations in
relatively small samples of strains between multilocus en-
zyme genotypes and OMP types (23, 24) and between cap
region RFLP patterns and OMP types (6) and (ii) the
repeated recovery of genotypically identical isolates from
geographically widespread locations over periods of many
years, we have suggested that the genetic structure of H.
influenzae serotype b is basically clonal, with only a small
fraction of all possible multilocus genotypes being repre-
sented in natural populations. In a recent survey of serotype
a isolates, Allan et al. (5) found strong associations between
OMP profile and cap region pattern and suggested that these
combinations mark clones, but no information concerning
the genetic structure of populations of the other serotypes is
available.

It is important from both medical and evolutionary per-

* Corresponding author.

spectives to assess the frequency of recombination of chro-
mosomal genes, especially those involved in expression of
virulence factors, in capsule-producing H. influenzae. There
is currently no feasible way of directly measuring rates of
recombination in natural populations, but the gross fre-
quency of gene exchange may be inferred by examining a
group of variable chromosomal loci in large samples of
isolates from diverse geographic regions and from different
time periods. In clonal populations, strong, nonrandom
associations of alleles over loci (linkage disequilibrium) may
be generated, whereas in populations experiencing relatively
frequent recombination, alleles at different loci tend to be
randomly associated (linkage equilibrium) (26).
The primary objective of the research reported here was to

determine the genetic structure of populations of encapsu-
lated strains of H. influenzae by examining associations
among multilocus enzyme genotypes, OMP types, and cap
region RFLP patterns. Notwithstanding the fact that these
organisms readily undergo intraspecific transformation of
the capsule synthesis genes (3, 4, 19, 42) and other chromo-
somal genes (2, 35) in the laboratory, our analysis demon-
strated strong associations among all three types of charac-
ters. This finding adds to a growing body of evidence that the
genetic structure of natural populations of encapsulated H.
influenzae is clonal.

MATERIALS AND METHODS
Bacterial isolates. A collection of 2,209 isolates of encap-

sulated H. influenzae recovered from individuals in 30
countries on six continents was examined (Table 1). The
sample included 52 isolates of serotype a, 1,975 isolates of
serotype b, 13 isolates of serotype c, 27 isolates of serotype
d, 92 isolates of serotype e, and 50 isolates of serotype f.
Most of the serotype b strains were obtained from patients
with invasive episodes, and all but a few of the other isolates
were recovered either from patients with surface infections
or from asymptomatic carriers.

Electrophoresis of enzymes. Methods of protein extract
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TABLE 1. Cornposition of the sample of encapsulated H. influenzae isolates, grouped by geographic source

No. of isolates No. of ETs
Geographic source Collection period

Serotype b Other Serotype b Other

North America
Canadaa
United Statesb

Europe
England
Scotland
Norway
Sweden
Finland
Denmarkc
Iceland
France
The Netherlands
Switzerland
Spain

Asia
Thailand
Malaysia
South Korea
Japan

Australia, Pacific islands
Hawaii
Papua New Guinea
The Philippines
New Zealand
Australia

Africa
The Gambia
Ghana
Kenya
Republic of South Africa

Central and South America
Mexico
Guatemala
Argentina
Uruguay
Dominican Republic

Unknown

1969-1986
1939-1954, 1968-1987

1983-1985
1983-1986
1980-1985
1982-1986
1985
1940-1942, 1980-1986
1977-1986
1980s
1975-1982
1982-1986
1980s

1986
1971-1979
1985
1981-1985

1985-1986
1980-1985
1986
1985-1986
1984-1986

1983-1984
1983-1984
1980s
1984-1986

1986
1986
1986
1986
1980

a Isolates from seven provinces.
b Isolates from 20 states (Hawaii not included) and the District of Columbia.
I Includes Greenland.

preparation, electrophoresis, and selective enzyme staining
have been described by Selander et al. (31). A total of 17
enzymes were assayed: carbamylate kinase, nucleoside
phosphorylase, phosphoglucose isomerase, malic enzyme,
malate dehydrogenase, glucose-6-phosphate dehydrogenase,
glutamic oxaloacetic transaminase, adenylate kinase, 6-phos-
phogluconate dehydrogenase, leucylalanine peptidase-1,
leucylalanine peptidase-2, leucine aminopeptidase, phospho-
glucomutase, catalase, glutamate dehydrogenase, glycer-
aldehyde-3-phosphate dehydrogenase, and fumarase.

Electromorphs (allozymes) of each enzyme were equated
with alleles at the corresponding structural gene locus, and
distinctive combinations of alleles over the 17 enzyme loci
(multilocus genotypes) were designated as electrophoretic
types (ETs) (32). Genetic diversity at an enzyme locus (h)
among ETs was calculated from allele frequencies by the
equation h = (1-Yxi2)(n/n-1), where xi is the frequency of

the ith allele and n is the number of ETs. Mean genetic
diversity per locus (H) is the arithmetic average of h values
for all loci. Genetic distance between pairs of ETs was

expressed as the proportion of enzyme loci at which different
alleles were represented (mismatches) (31).

Serotyping. Serotypes were determined by slide agglutina-
tion with serotype-specific sera or by the antiserum agar
method. Strains of serotype b that were of ETs not previ-
ously identified (23, 24) were reserotyped in the laboratory of
D. M. Granoff, Department of Pediatrics, Washington Uni-
versity School of Medicine, St. Louis, Mo., with absorbed
rabbit antisera prepared under contract for the Institute of
Medicine, Washington, D.C. Isolates with multilocus en-

zyme genotypes that were very different from those of other
isolates of the same serotype were reserotyped and tested
for cap region pattern in the laboratory of E.R.M.

Electrophoresis of OMPs. For isolates of serotypes a and b

41
78 10

528
7
12
13
12
18
6
10
4
18
3

4
10
4
2

11
9
4
S
10

376
560
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20
39
78
100
46
40
77
8

123
71
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80
9
12

22
60
9
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40
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5
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1
4
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FIG. 1. Dendrogram showing serotypes, OMP types, and cap region RFLP patterns for the 14 numerically dominant clusters of

encapsulated H. influenzae (Musser et al., in preparation). The dendrogram was generated by the average-linkage method of clustering from
a matrix of coefficients of pairwise genetic distance (26, 31) based on 17 enzyme loci. For serotype a and serotype b isolates, all OMP types
occurring in association with each RFLP pattern in each lineage are indicated except for lineages Al and A2, for which several additional
OMP types were identified (for details, see reference 24). The number of isolates of the OMP types of each lineage are as follows. (Cluster
Al) cap region pattern b(G): OMP type 1H, seven isolates; 1L, three isolates; 2H, 4H, 7H, 10H, and 19H, one isolate each. cap region pattern
b(V): OMP type 2L, 12 isolates; 9L and 15L, 1 isolate each. cap region pattern b(S): OMP type 2L, 4 isolates. (Cluster A2) OMP type 3L,
12 isolates; 11L, 4 isolates; 1L and 16L, 2 isolates each; 5L, 5.1L, 14L, 14.1L, and 22L, 1 isolate each. (Cluster B1) OMP type 6U, 4 isolates;
23U and 24U, one isolate each. (Cluster B2) cap region pattern a(T): OMP type 1U, 16 isolates. cap region pattern a(N): OMP type 1U, one

isolate. (Cluster B4) cap region pattern a(N): OMP type 5L, four isolates. cap region pattern a(T): OMP type 1U, one isolate. (Cluster H1)
OMP type 2H, 12 isolates; 6H, seven isolates; 7H, 3 isolates; and 4H, 1 isolate. (Cluster I1) OMP type 4H, five isolates; 5H and 8H, one isolate
each. (Cluster Jl) OMP type 8H, three isolates; 17H, one isolate. Note that serotype a and serotype b strains with the same OMP type
designation may not be identical in actual OMP electrophoretic pattern.

in our collection, OMP pattern types were determined earlier
by Allan et al. (5, 6). The isolates were categorized by the
electrophoretic mobility pattern of their detergent-soluble
outer-membrane derivatives in a 8 to 17.5% Laemmli linear
gradient polyacrylamide gel system (18) and were further
classified as H, L, or U depending upon the mobility of a
heat-modifiable protein (P1) with an apparent molecular
mass of about 45 kilodaltons on 11% acrylamide gels (21).
Because a detailed comparison of the OMP patterns of
serotype a and serotype b strains was not made, pattern
designations were not necessarily cognate between se-
rotypes.
RFLP analysis of the cap region. For cap region probing,

strains were selected to include ETs representing the
breadth of genotypic diversity and geographic origin in each
of the major lineages of encapsulated H. influenzae (J. M.
Musser, J. S. Kroll, E. R. Moxon, and R. K. Selander,
manuscript in preparation). In the case of serotype a and b
isolates, we selected diverse OMP types (6, 7, 13) and ETs
represented by especially large numbers of isolates (J.M.M.,
manuscript in preparation). The RFLP pattern of the cap
region was determined by methods described previously (6,
16). Briefly, chromosomal DNA was digested with restric-
tion endonuclease EcoRI, and fragments were resolved
according to size on agarose gels, transferred to nitrocellu-
lose filters, and probed with a cloned, radiolabeled fragment

of H. influenzae chromosomal DNA carrying genes involved
in capsule synthesis (22). The hybridization pattern was

visualized by autoradiography.

RESULTS

Genetic and genotypic diversity. All 17 enzyme loci as-
sayed were polymorphic, with an average of 6.4 alleles per
locus. A total of 280 distinctive multilocus genotypes (ETs)
was identified, among which H was 0.467. Of these, 177 ETs
were represented by single isolates and 103 ETs were

represented by from 2 to 497 isolates.
Clustering of the ETs revealed 12 major lineages at genetic

distances greater than 0.42; these were designated by the
letters A through L, and individual clusters of ETs within
these lineages were numbered (Musser et al., in prepara-
tion). There were two primary groups of lineages (I and II)
separated at a genetic distance of 0.66. One division included
lineages A through G, and the other consisted of lineages H
through L. Figure 1 is a simplified version of the full
dendrogram, in which we have shown only the eight lineages
and 14 clusters containing one or more ETs. The enzyme-
locus allele profiles, cap region patterns, and OMP types of
representative strains of these 14 clusters are shown in Table
2, which also lists reference strains and their geographic
sources.

OMP Type

Al
A2
B1
B2
B4
Dl
D2
Fl

J1 b
Kl f
K2 f
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CLONES OF H. INFLUENZAE 1841

TABLE 3. Mean genetic diversity (H) among ETs within OMP
patterns of serotype a H. influenzae represented by three

or more isolates

OMP No. of Mean no. No. of H of ETs
pattern isolates of alleles ETs

1U 18 1.9 8 0.237
5L 4 1.2 2 0.059
2H 12 1.1 2 0.059
4H 6 1.1 4 0.275
6H 7 1.2 5 0.118
7H 3 1.0 1 0.000

RFLP patterns of the cap region. We identified 14 cap

region RFLP patterns among the 222 isolates of six se-

rotypes examined (Musser et al., in preparation). The sizes
(in kilobases) of the DNA fragments defining each pattern
are as follows: pattern a(T), 11.3, 9.5, 6.6, and 4.3; pattern
a(N), 11.3, 9.5, 5.5, and 4.3; pattern a(M), -27, 10.5, 5.4,
and 4.1; pattern b(G), 20, 10.2, 9, 2.7, and 2.1; pattern b(V),
16, 10.2, 9, 5.6, 2.7, and 2.1; pattern b(S), 10.2, 9, 5.6, 2.7,
and 2.1; pattern b(O), >30 or 23, 9.6, 5.8, 4.1, 2.7, and 2.1;
pattern c(1), 8.8, 7.3, 6.8, and 2.1; pattern c(2), 8.8, 6.8, and
2.1; pattern d, 11, 6.8, and 3.95; pattern e, >25, -14, 4.4,
and 1.85; pattern f(O), 16, 6.6, 4.0, 3.3, and 2.1; and pattern
f(F), >23, 6.6, 4.0, 3.3, and 2.1 (5, 6; Musser et al., in
preparation). Similarity offragment size does not necessarily
indicate identity or homology of nucleotide sequence.

Serotype a isolates. Of 17 isolates assigned to the seven

ETs in cluster B2, 16 had the a(T) cap region RFLP pattern
(Fig. 1), and the exception, a carrier isolate from Kenya, had
the very similar a(N) pattern. All isolates in this cluster were
OMP type 1U.
Of the five serotype a isolates in cluster B4, four had a

combination of cap pattern a(N) and OMP type 5L, and the
fifth isolate was identified as a(T)-OMP 1U. One of the two
serotype a ETs in this cluster included three isolates with the
a(N)-OMP SL combination and one isolate that was a(T)-
OMP 1U.

All 30 serotype a isolates in lineages H and I, which
differed, on average, from isolates of lineage B (clusters B2
and B4) at 10 of the 17 enzyme loci assayed, were charac-
terized by the a(M) cap pattern, and all had the H mobility
variant of the 45-kilodalton heat-modifiable OMP. Four
OMP patterns were identified among the 23 type a isolates
assigned to cluster Hi. The most common OMP type was

2H, which was represented by 12 isolates, and 1, 7, and 3
isolates had OMP types 4H, 6H, and 7H, respectively. The
ET of this lineage that was represented by the largest
number of isolates, ET 219, included strains of OMP types
2H (11 isolates) and 7H (3 isolates). The four ETs in cluster
I1 included isolates showing three OMP patterns: 4H (five
isolates) and 5H and 8H (one isolate each). One ET assigned
to this lineage was represented by isolates typed as 4H and
8H.
There was considerable multilocus enzyme diversity

among serotype a isolates of a given OMP type (Table 3).
There were, on average, 3.0 ETs per OMP type, and H
among ETs of isolates of the same OMP type ranged from 0
for OMP type 7H to 0.275 for OMP type 4H, which was

represented by ETs in lineages H and I. However, H among
ETs of the same OMP type was, on average, less than 30%
of that in the total sample of 21 serotype a ETs (H = 0.502),
which reflects the circumstance that isolates of the same

OMP type are likely to be very similar or identical in overall
genetic character.

Serotype a strains in division I with cap region pattern
a(T) were recovered in Malaysia (11 isolates), Papua New
Guinea (3 isolates), The Gambia (2 isolates), and the United
States (1 isolate) over a period of 15 years; serotype a strains
in division II with pattern a(N) were isolated in the present
decade in The Gambia (3 isolates) and Kenya (2 isolates).
Most isolates with pattern a(M) (all of which were in lineages
H and I of division II) were from the United Kingdom (28
isolates); the Dominican Republic contributed 1 isolate, and
the origin of 1 isolate was unknown. Thus, there was little
commonality of geographic source between type a isolates
assigned to the two primary phylogenetic divisions.

In summary, three cap region RFLP patterns were iden-
tified among the 52 serotype a isolates in our sample.
Patterns a(T) and a(N), which differ in only one EcoRI
cleavage site (5), were confined to serotype a isolates of ETs
in clusters B2 and B4 of division I, whereas all isolates with
pattern a(M), which is quite distinct from patterns a(T) and
a(N), were in lineages H and I of division II. Only two cases
of sharing of cap region pattern and three cases of sharing of
OMP type were detected among strains assigned to different
major lineages, and there was no sharing of cap pattern or
OMP type among strains belonging to the two primary
phylogenetic divisions.

Serotype b isolates. Cluster Al contained serotype b iso-
lates formerly assigned to clone family A, and cluster A2
included serotype b isolates previously classified as mem-
bers of clone family B (23, 24). Serotype b isolates of ETs in
clusters Bi and B4, and of ETs in the divergent cluster Jl,
previously were assigned to clone families C and D, respec-
tively (23).
Most serotype b isolates of ETs in cluster Al had cap

pattern b(G) (14 isolates) or b(V) (14 isolates), but six
isolates showed pattern b(S). All serotype b isolates repre-
senting ETs in clusters A2, Bi, and B4 had pattern b(S). The
highly divergent serotype b isolates in cluster Jl had pattern
b(O), which shares only two of its seven fragments (the 2.1-
and 2.7-kilobase elements, both of which contain serotype
b-specific sequences) with patterns b(G), b(V), and b(S).

All strains with the b(G) cap pattern were ET 1.9 or very
similar ETs (differing at one or a few enzyme loci) in cluster
Al, and most were OMP type 1H or 1L. Strains with the
b(V) pattern were most frequently characterized by the ET
1.9-OMP 2L combination and were confined to cluster Al,
and all strains in this cluster with the b(S) pattern were ET
1.9-OMP 2L. Because we selected isolates of many diverse
ETs and OMP types in cluster A2 for cap region analysis,
many ET-OMP combinations were associated with pattern
b(S); the more common combinations were ET 12.5-OMP
3L, ET 12.7-OMP 3L, and ET 12.8-OMP 3L. The most
frequently observed combination of characters in serotype b
isolates representing ETs in lineage B was ET 25.6-OMP
6U-b(S).

Associations between ET and OMP type in distinct phy-
logenetic lines of serotype b H. influenzae were identified
previously (24), and additional analysis will be presented
elsewhere (J. M. Musser, manuscript in preparation).
Briefly, most isolates of ETs in cluster Al had OMP pattern
1H, 2H, 4H, 1L, or 2L; most isolates assigned to cluster A2
had 3L, 5L, 18L, or other patterns characterized by the
presence of the L electrophoretic variant of the P1 OMP (7);
the great majority of serotype b strains in cluster Bi had
OMP 6U or a similar pattern; and most strains in the highly
divergent J lineage had OMP 8H (24).
To summarize, serotype b strains in cluster Al had cap

region pattern b(G), b(V), or b(S); strains of serotype b in
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1842 MUSSER ET AL.

other clusters of lineages A and B invariably had pattern
b(S); and those in lineage J had the very distinctive pattern
b(O).

Serotype c isolates. Of the 15 serotype c isolates tested with
the cap region probe, 13 had pattern c(1) and represented
ETs in clusters Dl and D2. Two isolates of serotype c

constituting clusters D4 and D5 (not shown in Fig. 1)
(Musser et al., in preparation), which diverged from clusters
Dl and D2 at a genetic distance of 0.42, had cap pattern c(2),
which differs from pattern c(1) in that it lacks a 7.3-kilobase
fragment.

Serotype c strains with the c(1) cap pattern were collected
in Malaysia (four isolates), the United Kingdom (three
isolates), and the United States (two isolates) over a period
of 20 years; those strains with the c(2) cap pattern were

recovered in Kenya and the United Kingdom (one each) in
the 1980s and in 1975, respectively.

Serotype d isolates. The 22 strains of serotype d examined
belonged to seven closely related ETs in cluster Bi, and all
had cap region pattern d. These strains were recovered over

a 25-year span in Malaysia (eight isolates), the United
Kingdom (seven isolates), Kenya, Papua New Guinea, and
the United States (one isolate each), and four isolates were

from unknown localities.
Serotype e isolates. Of 30 serotype e isolates studied, 29

had cap pattern e and were assigned to ETs in clusters Fl,
F2, and Gl (not shown in Fig. 1) (Musser et al., in prepara-

tion), which together formed a lineage with no close rela-
tives. One isolate representing a unique ET in cluster F2 had
an anomalous cap pattern of four fragments, all of which
differed slightly in size from those of the common serotype e

pattern.
Isolates with cap pattern e were collected over a 25-year

period in the United Kingdom (24 isolates), Malaysia (2
isolates), and Kenya, Papua New Guinea, and the United
States (1 isolate each); 2 isolates were from unknown geo-

graphic sources. The strain with the anomalous cap pattern
was recovered from a sputum sample of an individual with
chronic bronchitis in Newcastle, England, in 1965.

Serotype f isolates. Seven isolates of serotype f, each
representing a different ET in cluster Kl, had cap pattern
f(F), and one isolate in this cluster from a carrier in the
United Kingdom had cap pattern f(O). Eleven isolates of
seven ETs in cluster K2 were typed as pattern f(O); we could
not accurately determine the patterns of three additional
isolates in this cluster, presumably because of ambiguities
caused by partial digestion ofDNA. [Differentiation between
the f(F) and f(O) patterns requires accurate assessment of
the size of the largest fragment.]
Of eight isolates with pattern f(F), six were recovered

from individuals in Malaysia in the 1970s, one isolate was

from the United Kingdom, and the source of another isolate
was unknown. Strains with pattern f(O) were collected in the
1960s in the United Kingdom (nine isolates) and the United
States (one isolate); the sources of three isolates were

unknown.
Genetic diversity in cap region RFLP pattern. Estimates of

H among ETs represented by isolates of each of the 14 cap

region RFLP patterns are shown in Table 4. All patterns
occurred in isolates of several multilocus genotypes, with as

many as 30 ETs being identified among the 53 isolates with
pattern b(S). For patterns b(S), b(O), d, and e, H was

roughly equivalent to that recorded for all isolates of the
same serotype, whereas among strains of the other probe
patterns, H was, on average, equal to only 64% of that of the
same serotype. These results reflect the circumstance that

TABLE 4. Mean genetic diversity (H) among ETs within cap
locus RFLP patterns of H. influenzae

Pattern No. of Mean no. No. of H of ETsisolates of alleles ETs

a(T) 17 1.77 7 0.235
a(N) 5 1.29 3 0.196
a(M) 30 1.94 12 0.306
b(G) 14 1.88 10 0.261
b(V) 14 1.53 6 0.208
b(S) 53 2.65 30 0.314
b(O) 4 1.59 3 0.373
c(1) 9 1.82 7 0.283
c(2) 2 1.29 2 0.294
d 22 1.41 6 0.161
ea 30 2.65 23 0.257
f(F) 7 1.47 7 0.148
f(O) 12 1.53 8 0.183
fb 3 1.29 3 0.176

a One isolate with a slightly anomalous hybridization pattern was not
included in the sample.

b Unclassified (see text).

most cap patterns are found in isolates that are nonrandom
subsets of strains of each serotype.

DISCUSSION

Estimating genetic relatedness among isolates. For several
groups of bacteria and many higher organisms, estimates of
genetic relatedness based on multilocus enzyme electropho-
resis have been shown to be strongly correlated with mea-
sures of similarity in total nucleotide sequence derived by
hybridization of total genomic DNA (8, 12, 31). Conse-
quently, there is reason to believe that our estimates of
genetic distance based on the 17 enzyme loci reflect the
overall genetic relationships among strains of encapsulated
H. influenzae.

Nature of the sample studied. Because isolates of all
serotypes were obtained from a variety of clinical conditions
in many geographic regions over many years, the collection
studied is believed to be representative of natural popula-
tions of strains of medically important encapsulated H.
influenzae. The serotype b isolates were collected in 30
countries on six continents over a 40-year period, and they
constitute 89% of the sample, a proportion reflecting the
numerical dominance of this capsule type in episodes of
invasive disease. Strains of other capsule polysaccharide
types are infrequently recovered from episodes of serious
infection; consequently, our samples of serotypes a, c, d, e,
and f are composed largely of isolates from patients with
surface infections and from asymptomatic carriers. Serotype
c isolates are rare (17), which accounts for the very small
number of these isolates in our collection. The only readily
identifiable potential source of sampling bias in our collec-
tion involves the serotype e and f isolates, most of which
were obtained from carriers in the United Kingdom, but
there was little additional genetic diversity in isolates of
these two serotypes from other geographic areas (Musser,
unpublished data). Because the clonal composition of popu-
lations of H. influenzae varies geographically (24), additional
ETs of encapsulated isolates undoubtedly exist in parts of
the world that have yet to be sampled.

Clonal population structure. The clone concept of bacterial
population structure was first formulated to account for the
global distribution and temporal stability of certain associa-
tions of O:K:H serotypes and biotypes among enterotoxi-

INFECT. IMMUN.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
22

 M
ay

 2
02

3 
by

 5
4.

16
4.

14
5.

13
6.



CLONES OF H. INFLUENZAE 1843

genic strains of Escherichia coli and the rarity of these
serobiotypes in nonpathogenic isolates (28). Subsequently,
the clonal structure of natural populations of E. coli was

clearly demonstrated by studies of multilocus enzyme vari-
ation (27) and OMP profiles (1). Recently, electrophoretic
enzyme polymorphism has been extensively exploited to
estimate genetic relatedness among strains and to determine
the genetic structures of natural populations of many human-
pathogenic and other bacteria (31, 33). On the assumption
that evolutionary convergence to the same multilocus en-

zyme genotype is highly improbable, isolates of identical ET
are considered members of the same clone or cell line.
H. influenzae is a naturally competent organism that

undergoes intraspecific transformation in the laboratory (2-
4, 19, 35, 42), but the frequency of recombination of chro-
mosomal genes in natural populations is unknown. Conse-
quently, the role of horizontal gene transfer in the evolution
and pathogenesis of the species is uncertain (36). Our data
provide four lines of evidence supporting the hypothesis that
chromosomal recombination is a very infrequent event in
natural populations of encapsulated strains of H. influenzae.
The first is the repeated recovery of isolates of the same

multilocus genotypes worldwide and over periods as long as

40 years. Second, as was demonstrated elsewhere for sero-

type b strains (24) and here for serotype a isolates, there are

strong nonrandom associations between OMP type and ET,
with little sharing of OMP types between isolates of ETs
belonging to different phylogenetic clusters. With the excep-

tion of one isolate with OMP type 1U and another with OMP
type 4H, there was no sharing of OMP type between
serotype a isolates of different clusters. Moreover, there was
no sharing ofOMP type between serotype a isolates assigned
to the two primary phylogenetic divisions; isolates in clus-
ters B2 and B4 of division I had the 45-kilodalton OMP
designated as L or U, whereas isolates of ETs in clusters Hi
and I1 in division II had the H electrophoretic variant. The
occurrence of isolates of different ETs with identical OMP
type may reasonably be attributed to any of three factors:
conservation of the OMP phenotype, convergent evolution
ofOMP phenotype, or chromosomal recombination between
divergent lines.
The third line of evidence that chromosomal recombina-

tion is very infrequent in these populations is that we

observed only three cases of variation in cap region pattern
among isolates of the same cluster. Serotype b isolates of
cap patterns b(G) and b(V) were confined to cluster Al, b(S)
pattern isolates were in ETs of clusters Al through Bi and
B3 through Cl, and isolates with pattern b(O) were of ETs
assigned to clusters Jl through J3. There was no sharing of
cap pattern among serotype a isolates of ETs in the two
primary divisions. Among serotype f strains, one isolate in
cluster Kl was unusual in having cap pattern f(O) instead of
f(F).
The occurrence of the same cap pattern in isolates of

divergent but related clusters of ETs probably reflects con-

servation of nucleotide sequence rather than evolutionary
convergence or horizontal gene transfer, especially as only a

small number of nucleotides was indexed by the RFLP cap

region mapping techniques used here. It is probable that the
cap region is more highly conserved than many other regions
of the H. influenzae chromosome. Strains of very different
multilocus genotypes clearly can synthesize capsule poly-
saccharides of identical serotype and, most probably, iden-
tical carbohydrate composition and chemical linkage. In
theory, recombinational events can account for this obser-
vation, especially as capsule synthesis genes apparently are

structurally unstable (16), but if the occurrence of the same
serotype in divergent lineages reflects recent recombina-
tional events involving much or all of the cap region, one
would expect isolates in divergent lines to have identical or
very similar cap region patterns. However, such isolates are
distinguished by patterns characterized by different sizes
and, sometimes, different numbers of hybridizing fragments.
Therefore, it could be argued that the expression of identical
capsule types in highly divergent lines reflects either evolu-
tionary convergence in polysaccharide structure or, less
likely, conservation of the structure in the course of differ-
entiation of these lines. However, additional models have
been proposed to account for the occurrence of serotype b
clones in several phylogenetic lines that are relatively dis-
tantly related (23). One possibility is that horizontal transfer
and recombination has involved only limited parts of the cap
region. Consistent with this notion is the observation that
both the 2.1- and 2.7-kilobase RFLP fragments of serotype b
isolates of ETs in the two primary phylogenetic divisions
(Fig. 1) contain nucleotide sequences that fail to hybridize
with cap region DNA from strains of other serotypes; these
are sequences specific to and characteristic of all serotype b
strains (E. R. Moxon, submitted for publication).
The fourth line of evidence that chromosomal recombina-

tion is rare in these populations is that each ET was
represented exclusively by isolates of one serotype (Musser
et al., in preparation). If recombination of the capsule
synthesis genes were occurring at moderate to high frequen-
cies in natural populations, we might have expected to find
ETs represented by isolates of two or more polysaccharide
types. Studies of the relationship of genetic structure and
capsule polysaccharide phenotype in Neisseria meningitidis
and E. coli have demonstrated that isolates of a single ET
may express structurally distinct polysaccharide capsule
types. For example, isolates of one ET of N. meningitidis
produce serogroup B, C, W135, 29E, and Y polysaccharide
capsules (11), and in E. coli, a single ET may be represented
by isolates expressing capsule serotypes K2, K5, K13, and
K53 (10). For N. meningitidis, which is naturally competent
throughout its growth cycle, Caugant et al. (11) hypothesized
that recombination partially accounts for the sharing of ETs
among serogroups. The lack of sharing of ETs and capsule
polysaccharide types in H. influenzae is analogous to the
situation in natural populations of the oral streptococci (12)
and in the swine pathogen Haemophilus pleuropneumoniae
(25).
How can we account for a strongly clonal population

structure in a naturally competent organism? One hypothesis
supported by experimental data (37) is that, under natural
conditions, the capsule polysaccharide is a barrier to exog-
enous DNA. Another possibility is that restriction modifica-
tion systems limit chromosomal recombination. Other fac-
tors proposed to explain the apparent low frequency of
recombination among strains of different serotypes include
low rates of carriage of encapsulated strains in most human
populations, limited duration of carriage, and rarity of car-
riage of multiple capsule types (34, 39). Significantly, Tune-
vall (38) demonstrated that only a few unencapsulated res-
piratory strains of H. influenzae could be transformed to the
Cap' phenotype, despite the fact that the same strains were
transformable to streptomycin resistance. This suggests that
in nature there are special barriers to the horizontal ex-
change of cap region genes between particular clones.

Clones and subclones of encapsulated H. influenzae. Be-
cause of mutation, recombination, and variable selection
pressures, some degree of variation within clonal lines is to
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be expected, and such has been identified in H. influenzae.
This raises classificatory and nomenclatural problems.
Should all properties be equally weighted in distinguishing
clones and clonal groupings, or are some properties better
indicators of clonal descent than others (1)? Musser et al.
(24) applied the term clone specifically to serotype b isolates
of identical multilocus enzyme genotype (ET) on the likely
assumption that they shared lineal descent from an ancestral
cell; isolates of a given ET with different OMP types or
biotypes were designated as subclones. These definitions are
similar to those recommended earlier for E. coli (32). Sub-
sequently, clone was used in reference to isolates of sero-
type b with distinctive combinations of cap region RFLP
pattern and OMP type (6), and it was suggested that the b(S),
b(G), and b(V) cap patterns mark individual clones (6). But
the results presented here clearly demonstrate that the b(S)
pattern occurs in isolates assigned to three clone families
representing two distinct lineages and that isolates of a single
ET (ET 1.9) may have any one of the three common cap
patterns. Because cap patterns do not consistently mark
clones, use of the term "clonotype" to refer to isolates of the
same pattern is incorrect and may lead to erroneous infer-
ences concerning phylogenetic relationships.
We believe that the analysis of the genetic structure of

natural populations of bacteria should be based on assess-
ment of the chromosomal genotype over a large number of
genes (27). At present, the only practical way of determining
chromosomal genotypes in the large numbers of isolates
required for studies of genetic variation and relatedness in
natural populations is by multilocus enzyme electrophoresis.
A particularly attractive feature of enzyme polymorphisms is
that available statistical and experimental evidence indicates
that most electrophoretic variants are selectively neutral or
nearly so (31) and, therefore, minimally subject to evolution-
ary convergence. By analogy to other bacterial species
examined, in situations in which two or more isolates are
identical in multilocus enzyme genotype but differ in OMP
type, cap region pattern, or biotype, we recommend use of
the term subclone, and for groups of clones that differ at a
only a small number of enzyme loci, we favor the term clone
family or clone complex (9).

Concluding comment. Our conclusion that chromosomal
recombination is a rare event in natural populations of
encapsulated H. influenzae should not be interpreted to
mean that we regard the exchange and integration of chro-
mosomal genes as unimportant in the evolution of these
pathogens or that recombination is without significance in
the clinical setting. Rare recombinational events that gener-
ate more pathogenic genotypes can be of great medical
significance. However, our analysis revealed a clonal genetic
structure in natural populations of capsule-producing H.
influenzae and identified no case in which it was necessary to
invoke horizontal gene transfer to explain the observed
genetic relationships among the strains studied. Although
serial laboratory transformation experiments have demon-
strated that a single isolate of H. influenzae can express two
or more polysaccharide capsule types (42), our data indicate
that the recombination of chromosomal genes, including
those coding for products required for capsule synthesis and
expression, occurs very infrequently in nature.
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