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The genetic structure of a population of multidrug-resistant nontypeable (unencapsulated) Haemophilus
influenzae strains isolated at a hospital in Barcelona, Spain, was investigated by using multilocus enzyme
electrophoresis to determine the allelic variation in 15 structural loci. In our study we have also included some
antimicrobial agent-susceptible strains isolated at the same hospital. All enzymes were polymorphic for two to
eight electromorphs, and the analysis revealed 43 distinct electrophoretic types among the 44 isolates. The
mean genetic diversity of the entire population was 0.55. Multilocus linkage disequilibrium analysis of the
isolates revealed a strong association between alleles, suggesting little possibility of recombination. Further-
more, the dendrogram and the allele mismatch distribution are typical of a population with no extensive
genetic mixing.

Haemophilus influenzae isolates are commonly found in the
upper respiratory tracts of healthy children and adults, and
they cause a variety of diseases in humans, especially in chil-
dren. Most of these organisms are unencapsulated and not
typeable with sera specific for the six recognized capsular types.
Although these organisms rarely cause invasive infections in
healthy children and adults, nontypeable H. influenzae isolates
are a frequent cause of otitis media, conjunctivitis, pneumonia,
and chronic bronchitis, especially in children (17). They are
commonly isolated in purulent secretions from the lower res-
piratory tracts of patients with cystic fibrosis and chronic bron-
chitis, and they can also occasionally cause bacteremic illnesses
in neonates and in older immunocompromised patients. In
addition, in the last few years there has been a rapid increase
in the frequency of isolation of multidrug-resistant H. influen-
zae strains (15).
The population genetics of H. influenzae serotype b have

been thoroughly examined by multilocus enzyme electrophore-
sis (MLEE), restriction modification systems, and outer mem-
brane protein profiles (9, 12), but only some of these studies
have included nontypeable strains. The results have revealed
that encapsulated H. influenzae populations show a clonal
structure, but the structures of nontypeable bacteria are un-
clear since they appear to be more diverse than those of sero-
type b (8).
The most widely used method of assessing genetic diversity

and structure in bacterial populations is MLEE, in which bac-
terial isolates are characterized by the relative mobilities of a
number of enzymes (13). Different mobility variants can be
directly equated with alleles at the corresponding structural
gene locus. MLEE data have been used to estimate the levels
of single-locus and multilocus genotypic variation in popula-
tions as well as the extent of genetic exchange within a popu-
lation (14). MLEE, which indexes the allelic variation in mul-
tiple chromosomal genes, has been highly successful in
generating large data sets for the statistical analysis of bacterial
populations and has shown that many species of bacteria ex-
hibit high levels of linkage disequilibrium (20). Recently, May-

nard Smith et al. (6) have developed a statistical test for pop-
ulation genetic data which can unequivocally index the extent
of clonality within bacterial populations. This index was first
used by Brown et al. (1) to measure population structure in
Hordeum spontaneum.
In the present study, we used MLEE to assess allelic varia-

tion at 15 metabolic enzyme loci in a collection of 44 isolates of
nontypeable H. influenzae strains isolated in a pediatric hospi-
tal in Barcelona, Spain, over a period of 3 years. Most of them
are multiresistant, particularly to aminoglycosides, but in our
study we have also included some susceptible strains isolated
during the same period. The aim of the research was to exam-
ine the genetic diversity and structure of a population of mul-
tiresistant nontypeable strains of H. influenzae. The results of
our analysis indicate that the whole population exhibits a sig-
nificant linkage disequilibrium, which implies a basic clonal
population structure. Analyses of population subgroups con-
sidering biotype, resistance to antibiotics, and other subsets of
data did not affect the main conclusion.

MATERIALS AND METHODS

Bacterial strains. This study was carried out with 44 nontypeable strains of H.
influenzae isolated during a 3-year period (from 1988 to 1991) in the pediatric
hospital Sant Joan de Déu in Barcelona, Spain. Strains were identified as H.
influenzae on the basis of Gram reaction, cell morphology, lack of b-hemolysis,
and NAD and hemin requirements. Strains were assigned to biotypes on the
basis of standard tests of indole, urease, and ornithine decarboxylase production.
The lack of agglutination with antiserum (Bacto H. influenzae polyvalent anti-
serum [Difco 2237-50-0]; Difco Laboratories, Detroit, Mich.) determined the
nontypeable character of the strains. Table 1 shows the source, biotype, antibiotic
resistance, electrophoretic type (ET), number of isolates, and allele at the indi-
cated enzyme locus for each of the strains.
Antimicrobial susceptibility tests. All strains were tested for antimicrobial

susceptibility by disk diffusion techniques (15). The following antibiotics were
assayed: amikacin, ampicillin, amoxicillin-clavulanic acid, cefotaxime, chloram-
phenicol, cotrimoxazole, erythromycin, gentamicin, kanamycin, netilmicin, neo-
mycin, rifampin, sisomicin, spectinomycin, streptomycin, sulfamethoxazole, tet-
racycline, tobramycin, and trimethoprim.
Preparation of lysates for electrophoresis. Each isolate was grown overnight at

378C in brain heart infusion medium (bioMérieux) supplemented with hemin (10
mg z ml21) and b-NAD (1 mg z ml21) in a water bath shaker. The bacteria were
harvested by centrifugation (15,000 3 g for 10 min), suspended in TE buffer (10
mM Tris-HCl and 1 mM EDTA [pH 6.8]), and sonicated at 100 W for two 1-min
periods, with cooling in an ice bath in a Labsonic 1510 (Braun) apparatus. After
lysis and centrifugation at 15,000 3 g for 15 min at 48C, aliquots of lysate
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(supernatant) were transferred to Eppendorf tubes and stored at 2458C until
use.
Electrophoresis and specific enzyme staining. Continuous nondenaturing ver-

tical polyacrylamide gel electrophoresis was used for all the enzymes. An acryl-
amide concentration of 12% in 0.8 M Tris-hydrochloride (pH 8.8) buffer was
used in all gels. Tris-glycine buffer (pH 8.3) was used for the electrode compart-
ments. Gels were used within 24 h of preparation and run at 48C. A constant
voltage of 75 V was applied until the bromophenol blue band reached the bottom
of the gel (3). The staining of the gels to reveal specific enzyme activity was
performed according to the method of Selander et al. (13). Electrophoresis
under these conditions produces narrow well-defined bands, and relative elec-
trophoretic mobilities are reproducible on single gels and on gels run at different
times.
The following 15 enzymes were assayed: malic enzyme (EC 1.1.1.40), 6-phos-

phogluconate dehydrogenase (EC 1.1.1.44), glucose-6-phosphate dehydrogenase
(EC 1.1.1.49), NADP-dependent glutamate dehydrogenase (EC 1.4.1.4), isoci-
trate dehydrogenase (EC 1.1.1.42), alcohol dehydrogenase (EC 1.1.1.1), fuma-
rase (EC 4.2.1.2), malate dehydrogenase (EC 1.1.1.37), lysine dehydrogenase
(EC 1.4.3.x), leucine dehydrogenase (EC 1.4.3.2), alanine dehydrogenase (EC
1.4.1.1), phosphoglucomutase (EC 2.7.5.1), hexokinase (EC 2.7.1.1), NAD-de-
pendent glyceraldehyde-phosphate dehydrogenase (EC 1.2.1.12), and indophe-
nol oxidase (EC 1.15.1.1). For each enzyme, distinct mobility variants were
designated as electromorphs and numbered in order of increasing migration
towards the anode. Displacement of the electromorphs was expressed in terms of
relative electrophoretic mobility with respect to the bromophenol blue band. The
electromorphs of an enzyme were equated with alleles at the corresponding
structural gene locus. The absence of enzyme activity was attributed to a null
allele and assigned a value of zero. Distinct combinations of alleles over the 15
loci assayed were assigned as ETs.
Datum treatment.Genetic diversity for a locus was calculated according to the

method of Nei (11). Genotypic diversity (G) was calculated as follows: G 5 1 2
S pj2 where pj is the frequency of jth genotype (ET). Clustering of the values
obtained by isoenzyme electrophoresis was performed with a matrix of coeffi-
cients of genetic distances by the unweighted pair-group method by using the
simple matching coefficient (NTSYS-pc, version 1.80; Applied Biostatistics, Inc).
The genetic distances between pairs of ETs were calculated as the proportions of
loci at which dissimilar electromorphs occurred. Multilocus linkage disequilib-
rium was calculated on the basis of the distribution of allelic mismatches between
pairs of bacterial isolates among all the loci examined. The ratio of the variance
observed in mismatches (VO) to the variance expected at linkage equilibrium
(VE) provides a measure of multilocus linkage disequilibrium that can be ex-
pressed as the index of association (IA) as follows: IA 5 VO/VE 2 1 (6). For
populations in linkage equilibrium, VO equals VE and IA is not significantly
different from zero, whereas values of IA of greater than zero indicate that

TABLE 2. Allele frequencies and genetic diversities at 15 enzyme
loci in 43 ETs of H. influenzae

Enzymea No. of
electromorphs No. of strains Frequency Hb

ME 0 2 0.045 0.74
1 4 0.091
2 7 0.159
3 20 0.455
4 5 0.113
5 3 0.068
6 3 0.068

6PG 0 16 0.363 0.66
1 2 0.045
2 5 0.113
3 19 0.431
4 2 0.045

G6P 0 1 0.023 0.78
1 1 0.023
2 2 0.045
3 4 0.091
4 15 0.340
5 8 0.181
6 4 0.091
7 9 0.204

GD2 0 7 0.159 0.60
1 2 0.045
2 6 0.136
3 26 0.590
4 3 0.068

IDH 0 42 0.954 0.09
1 1 0.023
2 1 0.023

ADH 0 30 0.681 0.47
1 9 0.204
2 4 0.091
3 1 0.023

FUM 0 4 0.091 0.78
1 4 0.091
2 7 0.159
3 18 0.409
4 5 0.113
5 4 0.091
6 2 0.045

MDH 0 1 0.023 0.67
1 6 0.136
2 8 0.182
3 23 0.523
4 3 0.068
5 2 0.045
6 1 0.023

LYD 0 32 0.727 0.45
1 3 0.068
2 8 0.182
3 1 0.023

LED 0 31 0.704 0.46
1 10 0.227
2 2 0.045
3 1 0.023

ALD 0 32 0.727 0.41
1 2 0.045

Continued

TABLE 2—Continued

Enzymea No. of
electromorphs No. of strains Frequency Hb

2 2 0.045
3 8 0.182

PGM 0 29 0.659 0.55
1 6 0.136
2 4 0.091
3 1 0.023
4 1 0.023
5 3 0.068

HEX 0 37 0.840 0.29
1 1 0.023
2 4 0.091
3 1 0.023
4 1 0.023

GP1 0 4 0.091 0.59
1 3 0.068
2 26 0.591
3 1 0.023
4 10 0.227

IPO 0 16 0.363 0.47
1 28 0.636

a See footnote a, Table 1, for abbreviations.
b H, genetic diversity.

2762 FUSTÉ ET AL. J. CLIN. MICROBIOL.



recombination has been rare or absent. To determine whether VO is significantly
different from VE in any sample, a Monte Carlo procedure was iterated ran-
domly, scrambling the alleles to eliminate any effect of linkage disequilibrium
(16). A preliminary study of population linkage disequilibrium was kindly carried
out by S. Strain at Tufts University (Medford, Mass.). Computer programs
written by J. G. Lorén were used afterwards to calculate VO and VE and to
perform the Monte Carlo simulations.

RESULTS

ETs and genetic diversity. All the enzyme loci studied were
polymorphic, and the number of alleles ranged from two (in-
dophenol oxidase) to eight (glucose-6-phosphate dehydroge-
nase). The average number of alleles per locus was 5.06.
Among the 44 H. influenzae isolates examined, 43 ETs were
identified. The most diverse locus was glucose-6-phosphate

dehydrogenase (H 5 0.78), and the least diverse was isocitrate
dehydrogenase (H 5 0.09) (where H is genetic diversity) (Ta-
ble 2). The mean genetic diversity of all samples was 0.55, and
that of the resistant subset was 0.57. The genotypic diversity
was 0.93.
Dendrogram. The genetic relationship among the isolates is

shown in Fig. 1. The dendrogram, generated by the average-
linkage method of clustering, shows that isolates are distrib-
uted through most of the dendrogram with no conspicuous
pattern. No significant clustering among isolates was detected
when we considered origin, biotype, or antibiotic resistance.
Instead, there is a random distribution of isolates. Considering
the shape of the figure, we can distinguish two different pop-
ulation subgroups, the first of which (I) exhibits an extensive
branching pattern and the second of which (II) exhibits a
tree-like structure.
Linkage disequilibrium analysis. The complete set of iso-

lates and population subsets was analyzed for multilocus link-
age disequilibrium (Table 3). Figure 2 shows the allele mis-
match distribution, which is bimodal in shape. Among the 43
ETs, 903 pairwise comparisons were possible. On average, the
isolates differed at 8.25 of the 15 loci examined. The ratio of VO
to VE was 2.27; therefore, the IA was 1.27.
The Monte Carlo procedure indicated that the differences

between the observed and expected variances were significant
(P , 0.001) on the basis of 104 iterations. This indicates a
significant degree of linkage disequilibrium among the 15 loci
studied. When we analyzed different population subgroups, the
results were similar (Table 3), with each of them, except the

FIG. 1. Dendrogram showing genetic relationships among 43 ETs of non-
typeable H. influenzae strains. The dendrogram shown is based on allelic profiles
at 15 enzyme loci (numbers indicate genetic distances).

FIG. 2. Allele mismatch distribution among 44 nontypeable H. influenzae
strains (hatched bars). Mismatch allele distribution of the scrambled population
(black bars) is also included for the purpose of comparison.

TABLE 3. Multilocus linkage disequilibrium analysis of H. influenzae

Isolate groupa No. of ETs No. of pairs
of ETs Xb VO VE

95% confidence
limits of VE

IA Pc

I 21 210 8.99 7.43 3.22 1.28–5.15 1.31 ,0.001
II 22 231 7.58 7.72 3.20 1.32–5.08 1.41 ,0.001
BIOI 11 55 9.95 7.48 2.94 0.50–5.39 1.54 ,0.001
BIOII 16 120 8.94 5.57 3.12 0.98–5.26 0.79 ,0.001
BIOIII 7 21 4.10 2.56 1.88 20.01–3.77 0.36 ,0.2
Resistant 32 496 8.57 7.97 3.24 1.67–4.82 1.46 ,0.001
NonResistant 11 55 7.16 3.88 2.83 0.49–5.17 0.37 ,0.001
Noninvasive 38 703 8.11 8.56 3.24 1.81–4.67 1.64 ,0.001
All 43 903 8.25 7.33 3.23 1.88–4.60 1.27 ,0.001

a I and II, groups I and II of the dendrogram, respectively; BIOI, -II, and -III, biotypes I, II, and III, respectively.
bMean number of allelic mismatches between pairs of ETs among 15 loci.
c Probability of rejecting by chance alone the null hypothesis that VO 5 VE (VO based on 10,000 iterations of the Monte Carlo procedure).
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biotype III subset, showing a significant degree of linkage dis-
equilibrium.

DISCUSSION

Although bacteria are microorganisms that reproduce asex-
ually and therefore a clonal structure would be anticipated,
recent studies consider that bacterial population structures
range from strictly clonal to panmictic (6). Bacterial species in
which recombination appears to be common show a high de-
gree of variability, but the frequency of horizontal gene trans-
fer in nature is usually too low to destroy linkage disequilib-
rium (19). However, some bacterial species such as Neisseria
gonorrhoeae, Bacillus subtilis, and Rhizobium meliloti show a
nonclonal structure (4, 6). Most of these are naturally trans-
formable, but transformation per se, like other natural mech-
anisms of genetic interchange, does not imply extensive recom-
bination in nature, since a naturally transformable bacterium
such as H. influenzae b (9) is clonal (10).
The time of maintenance of specific multilocus gene combi-

nations, the clone persistence time, can vary among species.
Some evidence suggests that collectively the persistence time
of H. influenzae is less than that of Escherichia coli clones (12),
but even though the distribution of alloenzyme pairs appears
to be closer to random for H. influenzae than it is for E. coli,
evidence for clonal structure remains.
The study of allelic variation by MLEE has yielded signifi-

cant insights into the genetic diversity, systematics, and popu-
lation structure of bacteria. MLEE provides a rapid analysis of
a large number of individuals and is an excellent method for
assessing the genetic structure of a population. Although this
method is able to detect no less than 80 to 90% of the amino
acid substitutions responsible for allelic variations at the dif-
ferent loci (13), some authors have suggested that MLEE un-
derestimates polymorphism, since apparently the deduced
amino acid sequences encoded by some genes showed more
variation than MLEE finds (2, 5).
In our study, 33 of the 44 nontypeable H. influenzae isolates

were chosen because they represent a group of multiresistant
strains. We wanted to see if the selective pressure of multire-
sistance could break the apparently clonal structure of H. in-
fluenzae. It must be considered that the 44 serologically non-
typeable isolates, despite being isolated from different clinical
sources, constitute a small sample, although the restricted
character of the collection probably does not affect the quali-
tative conclusions.
The average genetic diversity, the number of alleles per

locus, and the genotypic diversity of multiresistant isolates
were similar to those given by other authors for the total
population of H. influenzae (8, 12). The slight differences in
these parameters shown by Porras et al. (12) could be due to
the fact that they used only six enzymes. Genotypic diversity
was very high (G 5 0.93), with values approaching the theo-
retical maximum (G 5 0.98), although isolates were derived
from the same geographic area. High local genotypic diversity
in a bacterial population such as we observed might result from
the coexistence of a large number of independent clones of
similar abundance, and the presence of extensive linkage dis-
equilibrium observed is consistent with this explanation.
The dendrogram derived in the present study shows no as-

sociation among isolates, with regard to source or biotype.
Similarly, susceptible strains are distributed randomly (Fig. 1).
The fact that the dendrogram presents two patterns suggests
that there are two populations with different genetic structures
(18). Some authors have suggested that a typical clonal popu-
lation with limited genetic exchanges is characterized by a deep

but limited branching (tree-like) pattern, whereas a freely re-
combining population typically results in a dendrogram that
shows an extensive branching (bush-like) pattern (19). Never-
theless, in our results the independent analyses of subgroup I
and II did not reveal significant differences in their genetic
structure.
The bimodal shape and the extensive variance exhibited by

the allele mismatch distribution for all the 43 ETs of nontype-
able H. influenzae isolates are typical of a clonal population.
However, other authors have reported a unimodal distribution
among nontypeableH. influenzaemismatches (8). Evidence for
clonal proliferation is also provided by the multilocus linkage
disequilibrium calculations, which reveal a significant level of
association between alleles when population samples are sub-
jected to analysis. Our results indicated that values for IA were
significantly greater than zero, the value expected for absolute
equilibrium. Nevertheless, when we analyzed biotype subsets,
there was some doubt as to the strict clonality of nontypeable
H. influenzae isolates. Although isolates belonging to biotypes
I and II seem to be clonal, the biotype III subgroup showed a
VO (2.56) that falls within the confidence limits of the test (0.14
and 3.78), and although IA was different from zero (0.36), we
can assume that there is little linkage disequilibrium.
These results would agree with the previous hypothesis that

although the population of nontypeable H. influenzae might
have great variability, when it is subjected to a strong selective
pressure, as in the case of a multiresistance that makes the
population more adapted to a specific habitat, the most effec-
tive individuals are selected and that these seem to have a
clonal spread. Highly fit genotypes should not be broken by
recombination when they are clonally preserved in the popu-
lation. Furthermore, the relatively extensive genetic diversity
among nontypeable H. influenzae isolates might be due to the
fact that these strains probably belong to a larger population of
nonpathogenic H. influenzae. Similar conclusions have been
reported by Musser for H. influenzae biogroup aegyptius (7).
Occasionally, some of these nonpathogenic strains acquire the
ability to produce an infectious process or injury to the host
allows them to reach areas that are not usually accessible.
When we study pathogenic H. influenzae we are selecting a
population; thus, the sampling is not random.
One challenge now is to understand when, how, and under

what conditions the mechanisms of genetic interchange among
bacteria have influenced this course of evolution.
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